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Oil-water separation has been vital in many aspects of our society’s operations. This is 
particularly highlighted during the environmental cleanups of industrial oily wastes and disasters 
involving petroleum oil spills. These damaging and ever-challenging conditions require novel, 
adaptive, cost effective materials and technologies that go beyond current practices. Carbon-
based materials such as graphene have excellent potential hydrophobic and oleophilic properties. 
Some of the challenges to date with these adsorbent based materials include structural and 
stability issues, which hinder their advantages affording it good but limited properties as oil 
adsorbents. Although there are numerous novel adsorbents with outstanding adsorption 
capacities and excellent recyclability, there is still a gap between their performances in a 
laboratory setting and their actual field application. Under field conditions, other parameters such 
as buoyancy, geometry, strength and durability, transportation, economics, actual amount of oil 
recovered as well as its quality etc. must be considered altogether. This paper explores some of 
these topics with a focus on the development of new experimental parameters that allow 
investigators to study the oil retention efficiency, adsorption capacity efficiency, and adsorption 
flux efficiency of an adsorbent. There have been many explorations and investigations on the net 
adsorption capacities of new materials, however, very few focus on the optimization of an 
adsorbent as a system, maximizing the synergistic effects between its porous structure, 





In this thesis study, a super-oleophilic and hydrophobic polyurethane sponge (PU) was 
created by undergoing an acid-pretreatment and subsequently coated with 3-methacryloxypropyl 
trimethoxysilane (MPTS) functionalized reduced graphene oxide (RGO). Oil adsorption 
performances were compared between the samples and the controls in order to quantify the 
effects of acid-pretreatment, RGO and MPTS functionalization. Water and oil contact angles and 
water uptake were measured to study the hydrophobicity, oleophilicity and selectivity of the 
samples. Oil adsorption capacities were measured with protocols specifically designed to study 
oil retention efficiencies. Recyclability and kinetics studies were also performed experimentally. 
Pump oil was used as the adsorbate for all experiments in this study. The samples were 
characterized using SEM, Raman, XRD, and FTIR to understand their morphologies and surface 
chemistries.  
Results indicated the net adsorption capacity of the tested adsorbent improved from 18.5 
g/g to 28.61 g/g. More importantly, efficiency studies suggest potential further improvement of 
over 20% in addition to the volumetric oil adsorption, an additional of 10% or so in oil retention, 
and over 50% in addition to the adsorption mass flux. The recyclability was stable at over 99.4% 
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CHAPTER 1 - INTRODUCTION 
1.1 OVERVIEW  
 The goal of this thesis research is to contribute towards the development of advanced oil-
water separation technology aiming at sustainable environmental cleanup applications. Water 
and oil are two of the mostly used liquids on earth; many operations require these liquids in their 
purified forms. Although immiscible, the two liquids no longer exist naturally in absence of each 
other mainly due to anthropogenic wastes and environmental pollutions. Environmental 
desperation due to oil in water contamination such as gasoline and motor oil via storm drains, 
oily wastes such as personal care products output from households, and notably accidents such as 
petroleum oil spills contribute significantly to the need of oil-water separation. There are various 
devices for the  removal of oily contaminants in wastewater, for example, API oil-water 
separator, gravity plate separator, centrifugal separator, hydrocyclone, which are based on 
electrochemical emulsification, bioremediation, adsorption, etc.1-9. A comprehensive literature 
review of these mechanisms, advantages and disadvantages of these technologies will be 
discussed in Chapter 2. 
 Adsorption is one of the most promising avenues applicable to oil-water separation. It is 
often used in conjunction with the other methods to accomplish complete removal of oily 
contaminants and pollutants 5, 8, 9. Adsorption is the occurrence of the attachment of an adsorbate 
onto an adsorbent by physical and/or chemical attraction forces between them. Currently, 





conditions, least transported distance, and oil that are in continuous phase.5 Despite there are 
numerous organic, inorganic and synthetic sorbents that perform reasonably well, prohibitive 
factors such as excessive amounts of secondary hazardous wastes from oil-saturated sorbents, 
high transportation costs, harsh conditions such as highly salted and acidic environment demand 
for sorbent performances that are well beyond superior. This study evaluates the methodologies 
in selecting and modifications of high performing adsorbent materials with a focus particularly 
on graphene coated polyurethane foams 
1.2 BACKGROUND AND SIGNIFICANCE 
 Hydrophobicity is the characteristic of a molecule appearing to be repelled from a 
network of water molecules.  There are various examples of hydrophobicity found in nature. 
Some of the most well-known ones include the Lotus effect found on lotus plant leaves. The 
rough structure of lotus leaf surface and epicuticle wax create a high static water contact angle 
(WCA) and thus a highly hydrophobic, self-cleaning surface.  Similarly, this is also found on 
water strider legs and bird feathers 10,11. 
 Oleophilicity is the characteristic of having an affinity toward oil or oil-based materials. 
It is oftentimes referred to as a synonym as lipophilicity, the characteristic of having the ability 
to dissolve in oils, lipids, fats and non-polar solvents. The term oil usually refers to short chained 
fats or unsaturated fatty acids that are liquid at room temperature, whereas lipid is used as a 
broader term including fats that are solids at room temperature. Oils and lipids are generally 





substances, therefore the term oleophilic or oleophilicity is used throughout the remainder of this 
paper.  
 Defined as one of the four macromolecules found in all living things besides water, oils 
and lipids play significant roles in the biological functions as storage of energy, as signaling 
messengers, insulation, building blocks for hormones as well as structure components of the cell 
membrane. Outside of physiological functions, human beings utilize oils and lipids for energy, 
heat transfer and cooking, cooling and heating, as paint mediums, in consumer products such as 
personal care products, lubricants, chemical feedstocks such as in pesticides and fertilizers, drug 
formulations, plastics, rubbers and other synthetic materials; we even commoditized some of 
these substances, and petroleum oil being one of the pillars of our stock markets globally.                
 Overall, our world operates on constant cycles from isolation, purification, and refinery 
of oil; to emulsification, breakdown, absorption or digestion and production of waste products. 
For as long as we depend on these operations, the need for oil-water separation is inevitable.  
 Increase in population and demands translate to the increase of a multitude of wastes and 
their complications in the environment, tipping the balance and becoming increasingly difficult 
to achieve these processing steps. Accidents such as petroleum oil spills, anthropogenic 
chemicals such as turpentine, acetone, ethyl acetate, many organic solvents and hydrocarbons 
have become common oleophilic pollutants. Isolation and purification require more complex 
processes due to higher amount and novelty of contaminants 12, 15. Subsequently, the economics, 






 Oil and gas industry produces an estimated total of 20 billion barrels of wastewater per 
year 14. There are over 1.5 billion gallons of used oil along with its toxic contaminants being 
generated by various industries every year in the United States.  Much of the present and past 
research has been dedicated to the cleanup of these oily wastes. 3, 15-17  
 Pollution from Oil-based waste products comes in various forms from different sources. 
For example, gasoline and motor oil runoffs via storm drains, and petroleum spills have 
detrimental, long-tailed consequences on economies, environment and the ecosystem 15, 18 
Pharmaceutical and personal care products (PCPPs) made up of oil-based compounds are also 
major contributors to surface and groundwater pollutions. These pollutants make up a great 
portion of the total water pollution due to continuous discharge by humans and their operations 
19.  
 Beside the detrimental disruptions to the environment and ecosystem, many oleophilic 
pollutants and toxins are known endocrine disruptors and neuro-intoxicants in humans. These 
pollutants persist and bioaccumulate due to their high oleophilicity. One of the major sources for 
such oleophilic toxins is the use of pesticides 15.  
 A study on oleophilic toxins 20 in eight different brands of Californian milk products, the 
top dairy producing state of the United States, identified 12 polybrominated diphenyl ethers 
(PBDEs) and 19 polychlorinated biphenyls (PCBs) congeners from both whole milk and fat free 
milk. PBDEs and PCBs are both highly oleophilic toxins, and are considered endocrine 
disruptors as well as neurotoxins. Their highly oleophilic characteristics with log Kow values 





environment. It was concluded in the study by Tremolada et. al. that the contaminated vegetation 
feed contributed the most to the transfer of these contaminants to lactating cow’s milk 21.    
 In Chen et al.’s study 20, the detected levels of PCBs and PBDEs were not significantly 
different between fat free milk and whole milk. In fact, the lipid adjusted concentrations of these 
toxins are even higher in fat free milk due to the less lipid content. This suggests that traditional 
mechanical skimming methods of fat content in milk products are insufficient for the complete 
removal of certain oleophilic toxins. The observation also suggests that, contrary to what one 
may expect, the oleophilic toxins do not decrease proportionally when fat content is removed. 
One possibility is the reduction of interfacial viscosity from the initial heating and agitation step 
during mechanical skimming allowed the oleophilic substances to move around more freely out 
of the interfacial film and into water.  
 This is one example of the reasons for adsorbents to be employed for the complete 
removal of oily contaminants and pollutions. Adsorbents with special wetting properties readily 
separate oil or non-polar organic solvents and water without disrupting the immiscibility between 
them, and therefore using that as an advantage toward removal of one from the other. 
1.3 RATIONALE BEHIND STUDY FOCUS 
 Due to the tremendous volumes of oily wastes generated from these sources together with 
the social, environmental and economic damages, the amount of secondary hazardous oily 
wastes generated from these cleanups must be carefully managed. Ideally, recycling of the oil 
waste minimizes the amount of impact caused by secondary hazardous oily wastes such as 





from incineration, contamination of groundwater and loss of soil productivity from landfills, etc. 
The recycling of recovered oil allows for the conversion of liability into potential asset, this 
creates much economic and environmental advantages.  
 
Figure 1.1 Parameters toward effective adsorption applications. 
 As illustrated in Figure 1.1, there are two main approaches toward effective adsorption. 
The oil-uptake of each adsorption cycle and the uptake of all subsequent cycles provide the 
cumulative oil recovery during the life of an adsorbent. The bottom line of an effective adsorbent 
is to consider the contribution of the material during its lifetime and weight against all the costs 
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the value of this research is to contribute towards improving oil retention and recyclability of a 
promising oil adsorbent. 
1.4 OBJECTIVE AND SCOPE 
The objectives of this study are  
1. to test the compatibility and stability of 3-methacryloxypropyl trimethoxysilane (MPTS) 
as a binding agent between reduced graphene oxide (RGO) and polyurethane sponge 
(PU), its overall effect on wettability, selectivity, oil retention and adsorption 
recyclability; 
2. to test and compare the effects of HCl etching of PU on the overall wettability, selectivity 
and oil adsorption capability; 
3. to develop an improved method for MPTS hydrolysis and RGO silanization; 
4. to compare the overall adsorption performance of the samples and to develop 
experimental parameters for oil adsorption and retention efficiencies. 
The scopes of this study include 
1. Review and understanding the overall oil-water separation fundamentals, mechanisms,  
 challenges, trends and development in the area of waste water treatment and oil spill  
 remediation applications; 
2. Review of literature regarding RGO, PU and MPTS, their effects on wetting properties, 
the methodologies of synthesis and their role in the applications of oil-water separation 
and oil adsorption;   





4. Review and identify relevant industry testing standards and protocols. Design of  
 experiment procedure and parameters for oil adsorption performance data collection. 
5. Perform adsorption kinetics studies; 
6. Data analysis and evaluation of potential improvements to be used in the applications of  






CHAPTER 2 - LITERATURE REVIEW 
2.1 OIL PROPERTIES 
2.1.1 Overview 
 Oil-water separation techniques and mechanisms are based on oil properties that define 
and differentiate it from water. The most important of such properties include density, viscosity, 
polarity, pressure difference, and molecular size. In technologies based on gravity or centrifugal 
force, density difference between two liquids dictates the outcome. Pressure difference and 
molecular size are independent of gravity but they are important to separation by filtration. 
Viscosity plays an important role in the separation of oil from emulsions 22. Emulsions are 
considered heterogeneous and temporary stable dispersions of two or more components that are 
immiscible, where the components coexist in the mixture in a combination of droplets and 
continuous phases.  At all fronts where oil and water is in contact with each other, an oil-water 
interfacial film exist and polarity plays an important role in liquids surface tension, determining 
the immiscibility between them.  
2.1.2 Free oil, dispersed oil and emulsion 
 Oil and grease can exist in different forms in an oil-in-water solution and these forms are 
differentiated by the oil droplet size. Oil droplet sizes with diameters that are greater than 150 
μm are considered as “free oil” and they often coalesce forming larger continuous phases or 
masses in the water. When oil droplet sizes are within the range of 20 to 150 μm, these are 
considered to be dispersed oil in water. Typically whenever these droplets fall below 20 μm, the 





Table 2.1 Coalesced, dispersed and emulsified oil in water, differentiated by droplet size 23. 
 
Oil droplet size (μm) Form of oil 
    
> 150 Free oil, coalesced in water 
  
20 - 150 Dispersed oil in water 
   
< 20 Emulsified oil in water 
 
 The mechanism of an adsorbent is dependent on both cohesion and adhesion of the 
adsorbate, where adhesion is a force of attraction between the adsorbent surface and the 
adsorbate resulting in a layer of adsorbate adhering onto the materials in contact, as well as the 
forces of cohesion between the adsorbate molecules which allow multiple layers of adsorbate to 
be adsorbed and thus separation of the two immiscible liquids.  Since adhesion and cohesion 
forces, when combined, require not only the contact of the adsorbate molecules at the surface of 
the adsorbent but also continuous contact between adsorbate molecules in order for any potential 
of complete removal from the mixed liquid. The focus of this study is to evaluate an adsorbent 
adsorption capacity of oil that is in a continued phase, not in the dispersed or emulsified forms of 
oil in water systems.  
 Many oil-water-separation of oily water effluents exist in a combination of all three 
forms. In a real oily water treatment setting, more than one of the separation techniques are 
necessary to target the various forms and stages of oil-water-separation. Adsorbents are unique 
with its potential to be tailored to completely remove oily residues. However, it is not 
economical to be deployed in the primary treatment phase when the bulk of a high volume of oil 





produced as secondary wastes. Therefore, it is an assumption in this study that low-density and 
high specific surface area oil adsorbents are to be applied when oil droplets are coalesced into a 
form of “free oil” that is in a continuous phase. In other circumstances, certain practices require 
adsorbents that are tailored to target dispersed or emulsified oil in water. In those cases, special 
oil adsorption testing procedures and parameters would be needed such as submergence and 
agitation of the adsorbent in the solution. Therefore, adsorption of dispersed or emulsified oil 
will not be addressed within this study. 
2.2 SELECTION OF ADSORBATE OIL 
 According to the US Environmental Protection Agency’s (EPA) Oil and Grease Test 
Methods 1664A, oil and grease testing standards utilize various solvents to extract and measures 
the contaminants in groups of compounds rather than specific species. Therefore, the definition 
of “oil and grease” in all of these cases according to EPA cover a broad spectrum of species 
including animal fat, vegetable oils, carboxylic acids such as fatty acids, napthenic acids, 
phenols, petroleum hydrocarbons, and surfactants in addition to other organic compounds.  Most 
of these oils and greases that are discharged into the municipal sewage treatment plants are in 
forms of dispersed oil or emulsions 23; they include household and restaurant liquid wastes that 
are accompanied by high levels of detergents as surfactants Industrial wastes from metals 
fabrication and manufacturing, detergent manufacturing, car washes and other types of washes 
and cleaning waste waters are also often highly emulsified due to large amounts of surfactants, 
dirt, debris and solvents.  
 Petroleum oil pollution exists in both forms of free oil and emulsions. Tanker washes, 





hand, crude oil spills are mainly free oils with a smaller percentage of dispersed or emulsified oil 
compared to the majority of the continuous phase liquid form.  
As mentioned earlier, this study focuses on free oil in its continuous phase. Therefore, a logical 
choice of oil as a targeted adsorbate for this study would be one with properties that are 
comparable to crude oil. According to ASTM Test Standard F726-12, Standard Test Method for 
Sorbent Performance of Adsorbents, four representative oil types are categorized by their 
viscosity and density ranges 24. As described in Table 2.2, crude oil falls within the medium 
category with a range of viscosity between 200 to 400 cP and a range of density between 0.86 to 
0.97 g/cm3. For all oil adsorption, kinetics and selectivity studies of this report, pump oil is used 
as the targeted adsorbate since it falls within the same category, is readily available and has a 
medium density of 0.869 g·cm-3 at  and a light to medium viscosity of 175 cSt at 60 F. (See 
Figure A.1 for pump oil properties)  
 
Table 2.2 Testing oil types according to ASTM F726 standard test method for sorbent 
performance of adsorbents. 24 
Oil Type Viscosities (cP) Densities (g/cm3) Examples 
 (1cP = 10-3 Pa·s)   
Light 1 - 10 0.82 - 0.87 Diesel fuel, mineral 
oil 
Medium 200 - 400 0.86 - 0.97 Crude oil, canola oil, 
mineral oil 
Heavy 1500 - 2500 0.93 - 1.00 Bunker C or residual 
fuel, mineral oil 







2.3 OIL-WATER SEPARATORS (OWS) 
 Oil-water separators (OWS) are found in many applications such as oil spill remediation, 
refineries, waste water treatment, chemical etching, electrospinning, self-assembly processes, etc 
25.  Current OWS technologies are mainly based on the mechanisms that revolve around gravity 
or vortex separation 26,27, chemical treatment 28, coalescence 29, membrane and filtration 30, 
coagulation 31 and flocculation 32, air flotation 33, biological processes 34, adsorption 35. They are 
explained as follows. 
2.3.1 Gravity separation  
Methods such as an API oil-water separator utilizes the principles of Stoke’s law. These 
types of OWS leverage on the velocity of oil droplets rising to the surface of the solution, which 
depends on density and size differences between the liquids and the water. Separation by gravity 
is advantageous for its low cost and simplicity. However, it requires lengthy times, calm 
conditions, and large footprints23. Centrifugal separation methods utilizes centrifugal forces to 
separate the liquids by density differences, where the lower density liquid would accumulate and 
be collected at the center of the rotation axis of the device. Centrifugal separation is known for 
less space required, high speed and high throughput capacity. On the other hand, it requires 
higher energy consumption than gravitational separation 28.   
2.3.2 Chemical treatments  
Chemical treatments are often effective in breaking up emulsions. It reduces surface 
tension at the oil-water interfacial film to enhance water coalescence. However, chemical 





also result in maintenance issues arising from corrosion and mechanical problems such as 
clogging 23, 28.  
2.3.3 Coalescence OWS 
Coalescence OWS are similar to filters where the sludge passes through a coalesce media 
causing the oil droplets to coalesce. This is effective with higher oil concentrations with certain 
range of particle sizes depending on the coalescence media. Disadvantages of coalescence 
methods include poisoning resulted from adhesion of the particles on the media, substantially 
decreasing its effectiveness.  
2.3.4 Membrane and filtration 
 Membrane filtration is one of few solutions that are best for the separation of highly 
stable emulsions. Although it generally produces a low liquid throughput compared to other 
methods, membrane and filtration produces highly uniform and quality output.  
2.3.5 Coagulation and flocculation 
 Coagulation is often followed by flocculation, where coagulation uses chemical or 
electrochemical coagulants to remove the repulsion force among fine particles, causing them to 
curdle. Flocculation is a physical process that creates larger masses by joining the coagulated 
particles into agglomerates or flocs. These flocs are separated out of the water by precipitation. 
Traditional chemical coagulation is the common type of coagulation deployed in water treatment 
plants, using coagulants such as inorganic salts of aluminum or iron 29, 36. Recent years there are 





coagulation methods, which were used to generate various aluminum or iron coagulants in-situ 
from the anodic dissolution 37-39.  These methods are effective in removing various oily 
wastewaters from textiles and industrial discharges, natural organic matter, phenols, and other 
organic compounds in forms of emulsions 40-43. However, coagulation and flocculation 
potentially result in secondary pollution due to the chemical additives used during the processes.  
2.3.6 Floatation 
 Flotation methods leverage on Stoke’s law in a similar way as gravity separation methods 
where the separation is dependent on the density differences between the species to be separated. 
The mechanism of this method is based on the adhesion of gas bubbles with the dispersed fine 
particles resulting in agglomerated particles with a reduced net density. With the lowered 
density, the buoyancy force necessary to bring these particles to the surface is also lowered, 
causing them to float. Flotation methods are matured technologies that are effective in separating 
dispersed fine particles. With recent improvements and developments, jet flotation methods are 
becoming a potential technology in separating dispersed or emulsified particles in water due to 
its low cost of energy. Disadvantages of flotation methods include high maintenance and issues 
arising from repairing due to the prolonged periods of time for the equipment to stay submerged 
in the waste water conditions. Also, it is difficult to handle the frothy layer of particles, debris, 
oil and other materials that are suspended or floated onto the water surface 6, 31, 33.  
2.3.7 Bioremediation 
 Bioremediation involves the concentration of marine microorganisms that naturally 





sources of carbon and energy to reproduce. Although these types of bioremediation normally 
allows for a cleanup of petroleum pollution without further introducing secondary pollution or 
other artificial damages to the environment, this process without intervention is too slow to 
prevent substantial damages from occurring in the event of major oil spills. Therefore, in order 
for bioremediation to be effective, fertilizers and dissolved oxygen are deployed in the areas of 
mitigation in order to boost the concentration of these marine microorganisms. Due to the 
dynamic conditions and differences in each pollution site, disadvantages of bioremediation 
include difficulties to produce consistent outcome or to predict them, as well as an incomplete 
removal of the oil pollutants. Although proven at the laboratory level, field test results were not 
reliably consistent. Another approach was to identify effective microorganism species and 
introduce them at the site of pollution. Although these species may be proven effective, the 
establishment of these species at the pollution site is not reliable 3, 34. 
2.3.8 Adsorbents 
 Adsorbents can be separated into three categories 8, 44: organic, mineral or inorganic and 
synthetic. Organic adsorbents are usually referring to waste agricultural products such as peat. 
Mineral adsorbents include activated carbon, organo-clays, vermiculite, zeolites, etc. Some 
examples of synthetic adsorbents are polypropylene, polyurethane, nylon, and polyethylene. The 
forms of adsorbents that are used during oil spill response are bulk, enclosed, continuous and 
fiber 5. Bulk adsorbents that are loose are usually used for small oil spill mitigations. Meanwhile, 
enclosed adsorption make the bulk materials easier to handle by containing the bulk, loose 
materials into a type of porous material allowing oil to penetrate into the adsorbent. Continuous 





oil spills. These are materials with a homogeneous composition with less surface area to volume 
ratio. Therefore, they are usually higher in structural strength compared to bulk or enclosed 
materials but the adsorption sites are less accessible to the adsorbates. Therefore, various flat 
sorbents or other designs such as sheets, rolls, mats and pads, allow for the optimization of 
accessible surface areas. Loose fiber adsorbents are made to target heavier and weathered oil 
with a high viscosity. Similar to mops, these are bundles of loose strings or strips attached 
together called snares. The most common loose fiber adsorbents are made of polypropylene. 2, 45, 
46  
 Adsorbents are simple to use and they do not require special expertise from operators, but 
it can be laborious and time consuming. One of the major disadvantages of using adsorbents for 
the recovery of oil is the amount of secondary waste that it generates. Since adsorbents are 
specifically tailored as high specific surface area materials, they are difficult to handle due to 
susceptibility to wind and wave. They are bulky in general and difficult to retrieve. Moreover, 
adsorbent and oil mixture is more difficult to dispose of than oil itself. Therefore it becomes 
complicated logistically if the material is needed far from the coastal regions 5. 
2.4 ADSORBENTS 
2.4.1 Overview 
 Adsorption is a means to transfer the pollution from one phase to another 47, which 
requires subsequent methodologies for elimination from the environment.   
 There are mainly two types of adsorptions between the adsorbate and adsorbent, 





the surface of the adsorbent where weak van der Waals interaction is the main driving force 
between the two. Chemisorption describes adsorptions when chemical reaction occurs between 
the adsorbate and adsorbent. Electrostatic adsorption may play a role in either type of adsorption 
when oppositely charged adsorbent and adsorbate are attracted to each other. The type of 
adsorption is usually determined by measuring the adsorption energy.  
 Important factors that affect the cost-effectiveness of an adsorbent in oil-water separation 
applications include recyclability, wettability, density, specific surface area, geometry, 
buoyancy, adsorption capacity, saturation, oil retention, strength and durability, cost, availability, 
ease of storage and transportation 3, 5, 9. For porous adsorbents with a three dimensional structure, 
the porosity and pore size distribution also directly affect the sorbent diffusivity. It should be 
noted that the term “sponge” and “foam” are used interchangeably for the remainder of this 
paper. 
2.4.2 Porosity and pore size distribution 
 Often times, viscous oils clog the surface pores of an adsorbent, preventing further 
adsorption by the interior adsorption sites. In these cases, large and accessible pore sizes are 
essential to the adsorption performances 5, 48. This phenomenon is explained according to the 
modified Darcy’s law for flow through an unsaturated porous media: 
𝑗 =  −𝐷 
𝛿𝑐
𝛿𝑠
                                                       2.1 
where 𝑗 is the mass flux through the porous adsorbent; 𝛿𝑐 is the concentration gradient; 𝛿𝑠 is the 
change in distance; and 𝐷 is the capillary diffusivity defined by the equation below. 
𝐷 = 𝜌𝑙𝑖𝑞𝑢𝑖𝑑  𝐾 
𝛿ℎ
𝛿𝑐
                                                  2.2 















2                                           2.3 
In Eqs. (2.1) and (2.2), 𝛿ℎ is the hydraulic potential (capillary pressure during adsorption); ρ is 
the density of the adsorbate liquid; g is the acceleration due to gravity; μ is the viscosity of the 
adsorbate liquid; 𝑛𝑖 is the number of pores having size 𝑟𝑖; A is the total area and  𝜋𝑛𝑖𝑟𝑖
2 is the 
area fraction of pores with radius size 𝑟𝑖.  
Here the intrinsic permeability 𝑘 which represents the latter half of Eq. (2.3) is directly 
dependent on the pore radius 𝑟𝑖: 








2                                             2.4 
 Darcy’s law explains that a smaller pore size 𝑟𝑖 results in a lower volumetric flux through 
the porous media. The viscosity 𝜇 is indirectly correlated to the volumetric flux. When the 
viscosity of the adsorbate is high, a relatively larger pore size is needed in order to maintain the 
flow of adsorbate into the adsorbent until equilibrium is reached.  
 The clogging of the surface pores by highly viscous oil is attributed to the cohesion 
forces between the oil molecules in the bulk liquid phase become relatively stronger than the 
pressure gradient driving force at the oil-solid interface. In this case, since the adsorbent medium 
is at an unsaturated stage, as distance increases going into the adsorbent and away from the oil-
solid interface, the porous medium becomes drier and capillary diffusivity drops significantly. 
This gradient drop in addition to the radius restriction and viscosity cause a resultant force that is 
increasingly favorable in the direction of the cohesion forces, and the flow of viscous oil 






 The wettability of a sorbent material is the ability for a liquid to maintain contact with a 
solid surface; the degree of wettability is a quantifiable indication of hydrophilicity or 
hydrophobicity if the liquid in question is water. The degree of wettability is often determined by 
the measurement of liquid contact angle, the angle of which a liquid droplet forms on the solid 
surface. The wettability of a material is determined by two surface properties, surface energy and 
surface morphology 9, 49. How surface energy affects wettability is dependent upon its critical 
solid surface tension (γc) in comparison to the surface tension of the liquid in contact. High 
critical solid surface tension indicates that the surface has a high surface energy per unit area.  
 Wetting occurs when the liquid surface tension is lower than the critical solid surface 
tension (γc). In order for an adsorbent material to be called hydrophobic and oleophilic, the 
adsorbent critical solid surface tension (γc) needs to be between the surface tension of water 
(approximately 60 to 65 mN/m) and the surface tension of oil (depending on different oil 
composition, typically 20 mN/m). Numerous modification methods have been explored and 
implemented to tune the surface energy of adsorbents for the desirable wetting properties 50-52.  
Young’s equation describes the relationship between water contact angle (WCA) and 
interfacial surface tensions 9, 53, 54: 
𝛾𝑆𝑉 =  𝛾𝑆𝐿 +  𝛾𝐿𝑉𝑐𝑜𝑠𝜃     2.5 
Assuming that the surface is smooth and static and that there is no intermolecular interactions, 𝜃 
is the contact angle and 𝛾𝑆𝑉 ,𝛾𝑆𝐿, 𝛾𝐿𝑉 are the interfacial surface tensions at the solid-vapor, solid-





contact angle of over 90° where the liquid is beaded on the surface. When the WCA approaches 
0°, the liquid spontaneously spreads onto the surface indicating hydrophilicity 55. 
In reality, there are various levels of intermolecular interactions at the liquid-solid 
interface. According to Dupre and Girifalco-Good’s theory 9, 53, 56, a correction factor ɸ for this 




− 1     2.6 
This equation implies the relationship in which a lower solid-vapor interfacial surface tension (or 
a low surface energy of the solid) results in a high liquid contact angle. Assuming a ɸ value of 1, 
a 𝛾𝐿𝑉value of 72.8 x 10
-3 N/m2  and the lowest surface energy recorded based on CF3 alignment 
at 6 x 10-3 N/m2  as calculated by Nakajima 53, yields a maximum possible WCA 𝜃 value of 
115.2° that was obtained by modification of surface energy alone.  
Other than surface energy tuning by means of surface chemical composition, the 
modification of surface morphologies allows the wetting properties to be amplified 9, 49, 53, 57, 58.   
The Wenzel model (Figure 2.1.) describes a correction of the contact angle by a factor of 
roughness on homogeneous rough surfaces.  
 
Figure 2.1 Illustrations for a liquid droplet on a smooth, flat surface to the left, Wenzel state in 






The roughness of the solid results in an actual surface area that is larger than the perceived or 
projected surface area: 
𝑐𝑜𝑠𝜃∗ = 𝑅𝑐𝑜𝑠𝜃   2.7 
where R is the ratio of the actual surface area to the projected surface area of the solid, 𝜃 is the 
contact angle on a smooth surface and 𝜃∗is the corrected contact angle on the rough surface.  
According to Eq. (2.7), the corrected contact angle is increased for 𝜃 values above 90°, while 𝜃 
values below 90° results in a decrease in the corrected contact angle. This suggests that surface 
morphology modifications contribute to wetting as an amplifier 9, 49, 53, 57, 58. 
The Cassie-Baxter model describes a heterogeneous surface where a layer of air is 
trapped in between partial areas of the solid and liquid interfaces. Therefore, a factor “f” is 
calculated as the fraction of solid surface area in contact with the liquid over the whole solid 
surface area, including areas where air is trapped in between. The Cassie-Baxter equation is 
𝑐𝑜𝑠𝜃∗ =  𝑟𝑓𝑓𝑐𝑜𝑠𝜃𝛾 + 𝑓 − 1   2.8 
where 𝑟𝑓 is the roughness factor and 𝑓 is fraction of solid surface area wet by the liquid out of the 
total solid surface area perceived to be wetted by the liquid.  
Combining modifications of surface energy and surface morphology as described in Eqs 
(2.5 to 2.8), a contact angle of higher than 150°, a superhydrophobic surface can be achieved.  
There are reports on the fabrication of surfaces with a two-level, nanometer scale to micrometer 





2.4.4 Buoyancy, density and surface area 
During oil recovery, the conditions are dynamic over time and the oil properties change 
accordingly. Density and viscosity change as oil evaporates and emulsifies, affecting the 
buoyancy of the oil and adsorbent mixture. Many of the natural organic materials with good 
initial buoyancy become affected by these changes during oil recovery and are not able to retain 
sufficient buoyancy to stay afloat 5. However, with too high buoyancy, sometimes a layer of light 
and low density material floating on top of heavier viscous oils may prevent the adsorbent from 
coming into contact with the oil. Therefore, good adsorbents are required to be able to retain 
good buoyancy both before and after adsorption.  
The number of adsorption sites on the solid surface is limited by its available surface 
area. Therefore, the adsorption capability of an adsorbent is directly correlated to the amount of 
accessible surface area 60-62. Materials that exhibit a high surface area to volume ratio are good 
candidates since there are relatively more adsorption sites available for the adsorbates. 
2.4.5 Geometry, saturation, strength and durability 
In order to maximize surface area to volume ratio, 3D porous structured adsorbents 
gained growing interests in recent years 63-66. However, 3D porous structured adsorbents with 
low densities are often too fragile to be handled and deployed in the harsh environments during 
oil-water separation treatments. Therefore, the use of 3D porous templates to serve only as a 
support system was reported in earlier studies 8, 67, 69. Some of these 3D porous template 
materials are melamine sponge 70, soy protein aerogel 71, kapok wadding 72, polyurethane sponge 





efficient adsorbent materials that are engineered into these heterogeneous systems are capable of 
further enhancing wetting properties with nano-micro hierarchy. Scaling 3D porous structures 
into large size adsorbents such as booms increase the ratio of internal adsorption sites versus 
external adsorption sites. This potentially obstructs or delays the accessibility of internal surface 
areas and may consequently affect the overall oil adsorption capacity and saturation. Therefore, a 
better understanding of the materials’ permeability and diffusivity is required for the 
development of good 3D porous structured adsorbents.  
Combining the high surface area to volume ratio, strength and durability of 3D porous 
templates, these forms of adsorbents are capable of optimizing and harnessing the potential 
adsorption capacities of the materials.   
2.4.6 Oil retention and recyclability 
Good oil retention properties are required for good recycling performances. Many 
materials show the ability to adsorb well, some even adsorb rapidly 8, 9, 35, 44, 48, 66, 77, 79. However, 
oil retention is as important which prevents premature drainage of the adsorbate. This is the key 
for efficient separation of oil from water and is important to avoid recontamination or secondary 
waste hazard caused by the release and spillage of oil. Adsorbents with low inherent strength are 
susceptible to deformations easily due to the dynamic conditions of the environment or simply 
from moving, lifting and handling of the material. The deformations result in pressures upon 
internal pores, forcing the adsorbed oil to be squeezed out.  This phenomenon is often observed 
with adsorbents that are composed of organic materials 5. According to Darcy’s law as discussed 





However, it also affects the speed of adsorbates traveling in the opposite direction during 
adsorption. Often times, highly viscous oils such as bunker oil occupy the available external 
surfaces of adsorbents, especially in those cases with small pore sizes, preventing further 
adsorption into the interior adsorption sites. This greatly reduces the efficiency of the adsorption. 
The most common adsorbents used for highly viscous heavy oils are polypropylene loose fibers 
which are better known as snares. According to the studies by Choi, et al. and Zahid, et al. 44, 80, 
the main mechanism of the oil adsorption of polypropylene snares was based on a combination 
of capillary bridges across voids between the loose fibers and the crimping effect observed when 
there is an increase in fiber denier. Without the internal pore structure, polypropylene loose fiber 
is a poor candidate for light density oils due to its poor oil retention.   
On the other hand, recyclability depends on the material’s capacity to adsorb and to 
release the adsorbent when it undergoes extraction. The most common, simple and low cost 
extraction method is mechanical compression of the adsorbent 81-83. However, the mechanical 
extraction is often insufficient to remove all residual oil within the adsorbent. Applications 
requiring complete extraction of residual oil may be achieved by methods such as immersion in 
acetone or other organic solvents 81. Although the complete extraction of residual oil allows the 
adsorbent to maximize and retain its oil adsorption capacity after repeated use, the use of organic 
solvents and the resulted oil and organic solvent mixture increase the handling and disposal of 
secondary hazardous wastes. Therefore, in order to avoid the additional cost of organic solvent 
uses and the subsequent waste management, a slight drop in oil adsorption capacity due to 
residual oil retention may be acceptable if the adsorbent material shows stabilization of the oil 





oil retention capability, flexibility, compressibility, and strength of the structure is needed in 
order for the adsorbent to retain the oil until it is extracted for recycling purposes.     
2.5 OIL ADSORBING SPONGES 
As discussed above, truly efficient adsorbents depend on a wide range of factors and 
many of these factors are interrelated. It is important to understand each of these factors 
regarding any adsorbent candidate and the degree to which they can be modified without 
sacrificing other variables. As discussed earlier, accessibility and availability of surface area and 
pore volume are key factors that enable molecular diffusion and transport in adsorption. 
However, in most cases the increase of a material’s surface area and pore volume often lead to a 
trade-off with the material’s structural strength and mechanical durability. The use of 3D porous 
templates contribute as structural and mechanical support, aid in maintaining a desired surface 
area with controllable, tunable pore sizes and porosity, facilitating mass transfer efficiency and 
diffusion kinetics, as well as providing the compression set properties needed for mechanical 
desorption of adsorbates.  
Types of adsorbents include highly porous and recyclable materials, aerogels, hydrogels, 
foams, sponges or similar forms of materials, and materials that utilize a 3D porous template as 
support skeleton. They are reviewed as follows. 
2.5.1 Silica and vermiculite based adsorbents 
Zhu et al. 81 reported a dip coating method to produce SiO2 decorated commercial kitchen 
sponge using octadecyltrichlorosilane as a cross-linking agent. The resulting sponge displayed a 





hexadecane. They reported performance degradation down to 94% for chloroform and 72% for 
hexadecane after 10 adsorption-desorption cycles for each specie. A mechanical squeezing 
method was combined with immersion into acetone for removal of residual oil. Wang and Geng 
83 reported a modified PU sponge by dip coating the sponge into silica nanoparticles with 
dopamine hydrochloride. Their resulting adsorbent had a WCA of 154˚, with adsorption capacity 
ranging from 46.8 g·g-1 for chloroform to 18.3 g·g-1 for paraffin oil. Recyclability was tested for 
chloroform and linseed oil and adsorption capacity decreased to 74.2 – 82.2% of the initial 
capacity after 70 adsorption-desorption cycles by mechanically squeezing to extract adsorbed oil 
from the sponge.  
Ge et al. 82 reported a method of fabricating a superhydrophobic, superoleophilic PU 
sponge. PU sponge was dipped in poly(vinylidene fluoride-hexafluoro-propylene) (PVDF-HFP) 
solution and then dipped with SiO2 modified multiwall carbon nanotubes (MWCNT). After 
curing at 140˚C, the sponge was immersed in perfluoro tetradecanoic acid with ethanol. The 
resulted sponge had a WCA of 158˚ and adsorption capacities of 52 to 13 g·g-1 for chloroform 
and hexane respectively. Recyclability was tested for 5 adsorption-desorption cycles resulting in 
a performance degradation to 94% for chloroform, 30% for hexadecane and 8.7% for rap oil. The 
oil extraction was done by mechanically squeezing only.  
Li et al. 84 reported an in situ growth method to synthesize a coating of ZnO microrods 
with palmitic acid on PU sponge. The adsorbent has a WCA of 168˚ and adsorption capacities of 
44 g·g-1 for crude oil to 33 g·g-1 for pump oil. Recyclability was tested for 95 adsorption-
desorption cycles, with the performance for crude oil degrading to 72.7% at the end of the cycles 





extraction of crude oil from the adsorbent was increasingly inefficient. Desorption was achieved 
by mechanically squeezing of the sponge, and residual oil continued to build up due to the strong 
cohesion forces between crude oil molecules.  
 Zhao et al. 85 reported a sponge-like, vermiculite and CNT hybrid that was grown with 
CVD method. The adsorbent displayed an adsorption capacity of 26.7 g·g-1 for diesel oil. 
Recycling data was collected by mechanical squeezing for 10 adsorption-desorption cycles. 
Performance degraded to approximately 92.5% of the initial adsorption capacity. Zhao et al. 
further improved this vermiculite-CNT hybrid by high shearing and obtained a fluffy sponge 
with an uptake of 70.6 g·g-1 for diesel oil. However no recycling data was reported for the 
improved material. 
2.5.2 Organic synthetic hybrid 3D adsorbents 
Jiang and Hsieh 66 reported a method to assemble rice straw cellulose nanofibrils (CNF) 
into a 3D interconnected ultra-porous aerogel. The CNF aerogels have densities ranging from 1.7 
to 8.1 mg·cm-3. Young’s modulus and yield strain are the highest with the highest density 
aerogel, having a Young’s modulus of 54.5 kPa and a maximum compressive stress of 25.3 kPa 
at strain, = 0.8. These amphiphilic (both hydrophilic and oleophilic) aerogels were modified 
with triethoxy(octyl) silane, turning the hydrophilic portions of the aerogel into hydrophobic and 
oleophilic. The resulted samples had adsorption capacities approximately 185 g·g-1, 215 g·g-1, 
240 g·g-1 and 356 g·g-1 for hexane, hexadecane, pump oil and chloroform, respectively. The 
sample with the highest density had the lower adsorption capacity among all other samples. 
Although the least dense samples had a larger adsorption capacity, it was noted that oil retention 





superior compared to reports on other cellulose aerogels 86,87. The study demonstrated 
recyclability up to six adsorption-desorption cycles with shrinkages in the aerogels after 
recycling. Extraction of the liquids was achieved by distillation and solvent evaporation. The 
performance degradation was only reported for octane, cyclohexane and toluene, with 61%, 57% 
and 48% of the initial capacities, respectively.  
Wang et al. 88 reported a natural luffa sponge modified with polyhedral oligomeric 
silsesquioxane (POSS) based compounds. The superhydrophobic adsorbent had a WCA of 155˚ 
and an adsorption capacity of 8 to 12 times its weight. Recyclability was tested for 5 adsorption-
desorption cycles by using the mechanical squeezing method to extract the liquid, degradation of 
performance was within approximately 92 to 94% after 5 cycles. The modified luffa sponge 
showed excellent oil retention for over a week.  
Nagappan et al. 10 reported a superhydrophobic, superoleophilic sponge made with a 
combination of lotus leaf powder, poly(methylhydroxysiloxane) (PMHOS), and phenyl 
substituted silica ormosil (PSiOr) dip coated onto a melamine sponge. The product displayed a 
WCA of 177.87˚±1˚ and initial adsorption capacities for chloroform up to approximately 33 
times the adsorbent weight and about 17.5 times for decane. Recycling data was collected for up 
to 15 cycles by mechanical squeezing followed by solvent extraction using hexane.  
2.5.3 Boron nitride based adsorbents 
Zhang et al. 89 reported a freeze drying preparation of boron nitride polyvinyl alcohol 
(PVA) aerogel. The aerogel had a WCA of 94.9˚ to 100.7˚ and adsorption capacities for hexane 
and CCl4 up to 14 g·g
-1 and 38 g·g-1, respectively. Although it was discussed that the aerogel 





reported the development of a high surface area porous boron nitride nanosheets with BET 
surface area of 1,427 m2·g-1 and a WCA of 165˚. Adsorption capacities for used engine oil and 
ethylene glycol ranged from 29 times to 33 times the adsorbent weight. The saturated nanosheets 
maintained good buoyancy and remained floating on the water surface. Recyclability data was 
collected for pump oil adsorption over 5 cycles with performance degradation down to 72% of 
the initial capacity. Regeneration of the nanosheets was achieved by direct burning in air. The 
report also discussed alternative methods to recycle the material such as organic solvent 
extraction using ethanol and petroleum ether, as well as heating at 600 ˚C for 2 hours in air. Song 
et al. 91 reported an ultralight boron nitride aerogel synthesized by a template-assisted CVD 
method with an oil adsorption capacity of 160 times the adsorbent weight. The material was 
regenerated by burning in air. 
2.5.4 Organo-silicons 
Zhu et al. 92 reported a superhydrophobic sponge by coating a layer of polysiloxane onto 
a 3D porous PU sponge. PU sponge was immersed and reacted with the hydrolysis of 
methyltrichlorosilane in hexane solution. Water traces within the hexane solution led to 
formation of polysiloxane during the hydrolysis reaction. Evaporation of hexane created porous 
structure on the surfaces. The sponge had a WCA of 157˚ with adsorption capacities ranging 
from 15 times the adsorbent weight for gasoline and 25 times for crude oil and lubricating oil. 
Recyclability was tested for 400 adsorption-desorption cycles by mechanical squeezing with 
clamp plates followed by acetone washing and drying. Water contact angles were measured at 





end of 400 cycles, WCA decreased to above 142˚ mainly due to the cracks on the sponge 
coating.   
Choi et al. 93 reported sugar-templated polydimethylsiloxane (PDMS) sponge that had 
WCA measurements between 120 to 130˚, and adsorption capacities from 4 to 11 times the 
adsorbent weight for transformer oil and chloroform respectively. The sponge displayed good 
mechanical stability and recyclability. The sponge had a very low elastic modulus and was able 
to recover from compression quickly without permanent deformation. Twenty adsorption-
desorption cycles were tested by mechanically squeezing and immersion in ethanol. Minimal 
degradation in performance was observed (within 97% of initial adsorbing capacity). Pham et 
al.94 reported a simple solution-immersion process to silanize melamine sponge which modified 
the material from hydrophilic to superhydrophobic. The silanization was achieved by reacting 
secondary amine groups on the surface of the melamine sponge with octadecyltrichlorosilane in 
a toluene solution, forming a self-assembled monolayer on the surfaces of the sponge. Their 
highest loading sponge had a maximum WCA of 151˚±1.1˚ with adsorption capacities ranging 
from 82 to 163 times the adsorbent weight for acetone and chloroform respectively. 
Recyclability was test by mechanically squeezing out the adsorbates. After the initial 100 cycles, 
oil recovery performances degraded to approximately 93%. Further adsorption-desorption tests 
were performed for selected organic solvents and oils including toluene, chloroform, diesel oil 
and motor oil, for up to 1000 cycles. The resulted oil recovery degradation was above 90% for 






2.5.5 Carbon and graphene based adsorbents 
As mentioned earlier, there are various organic and synthetic materials capable of water 
purification and carbon-based material is one of the most popular adsorbents. 47,95,96 Some of the 
reasons for its popularity include high inertness, thermal stability and the ability to perform 
under broad pH ranges. 47  
Zhao et al. 97 prepared a nitrogen-doped graphene oil adsorbent with a density of 2.1 
mg·cm3, which is one of the lightest among 3D graphene structures next to graphene-CNT 
aerogels. This 3D graphene framework (GF) was prepared by hydrothermally treating graphene 
oxide aqueous solution with pyrrole followed by freeze drying.  The group reported adsorption 
capacity of 200 g·g-1 for toluene, close to 500 g·g-1 for chloroform and up to 600 g·g-1 for 
phenoxin. The GF has a high temperature tolerance of up to 600˚C in air, and an ability to 
recover most of its volume after compression at 60% strain. The group predicted the potential 
recyclability of GF, however no data was collected in this regard. 
Sun et al. 98 prepared an elastic graphene-CNT aerogels densities less than 1 mg·cm3. The 
group performed 1000 cycles of fatigue tests on the aerogels and the samples recovered to its 
original thickness, macroscopic shape and porous 3D microscopic structure. The samples had a 
WCA of 132.9˚ and adsorption capacities of 215 g·g-1 for n-hexane, 550 g·g-1 for chloroform and 
743 g·g-1 for phenoxin. The group reported various methods of recycling and regenerating the 
aerogels including mechanical extrusion, heating, and burning in air and the samples recovered 
their original shapes and performances. Ten adsorption-desorption cycles of n-hexane were 






Zhang et al. 99 reported the synthesis of a hydrophobic, low density and high porosity 
spongy material trGO-S-LN prepared from a laundry detergent and graphene oxide solution. The 
solution was treated with ultrasound, liquid nitrogen freezing, vacuum freeze drying and thermal 
reduction at 300˚C. The sample had an apparent density of 2 mg·cm-3 and adsorption capacities 
of 260 to 450 g·g-1 for ethanol, acetone, methanol, diesel oil, vegetable oil and ethylene glycol. 
The group performed compression tests and the material was stable up to a maximum strain of 
50%. Although the material was stable up to 100 cycles of stress-strain tests, a limited strain of 
50% would result in low recovery rate and high performance degradation. Regeneration was 
limited to vapor removal at 85 ˚C  
Li et al. 100 reported a simple dip coating method to prepare 5 wt% graphene-coated 
polyurethane sponge. The resulted sponge displayed a WCA of 156.1 and adsorption capacities 
of 50.42 g·g-1, 54.30 g·g-1 and 58.95 g·g-1 for diesel, soybean and pump oil respectively. 
Recyclability data was collected over 60 adsorption-desorption cycles by mechanically 
squeezing out the adsorbates between glass plates. Performance degradation was over 96.5% for 
all three oils. The group noticed poor oil retention with lower graphene concentration, indicating 
that pore sizes were adjusted by due to graphene sheets occupying the pore cavities.  
2.5.6 Summary on oil adsorbing sponges 
 Although organic adsorbents materials are the most environmentally benign among 
available options, synthetic adsorbents are generally the most effective in terms of oil recovery 
ratio by weight. Inorganic adsorbents are amongst the lowest in terms of oil recovery ratio by 





 As discussed earlier, wettability is dependent on two factors: the surface energy of the 
material and its roughness. Adsorbent performances can be varied by adjusting the levels of 
these two factors. Adsorbents may display a high WCA indicating strong hydrophobicity and 
selectivity, however it does not quantify oil adsorption capacity. According to Wenzel’s model 
and the Cassie-Baxter model, increased surface roughness and hierarchical architecture may 
amplify the adsorbent wettability and selectivity tendency. Consequently, adsorption speed of the 
preferred liquid may be increased.  The measurement of adsorption capacity is not only based on 
the speed of adsorption but its capacity to adhere and hold onto the adsorbate. Since the intrinsic 
surface energy of these materials are not changed with the change in roughness, the increased 
WCA does not always directly translate to an improvement of the overall adsorption 
performance. For example, when compared between the studies reported by Zhu et al. 81 Wang et 
al. 83 and Ge et al. 82, Zhu et al reported a lower WCA at 150˚ compared to Wang et al. at 154˚ 
and Ge et al.’s 158˚. Yet, Zhu et al.’s reported adsorption capacity of chloroform per weight of 
the adsorbent is 13% higher than Wang et al.’s and 2% higher than Ge et al.’s. The phenomenon 
observed in Zhu et al.’s case possibly attribute to better adhesion between the surface material 
and the liquid, better accessibility to the adsorption sites, higher total pore volume per weight of 
adsorbent, or a combination of the above.  
 Therefore WCA alone is not a good indicator of performance degradation during a 
recyclability study. Also, localized deterioration of the adsorbent may be undetected or 
misrepresented until adsorption performance of the whole system is counted for. Therefore, an 






 It is generally observed that adsorbents perform better with high density, high viscosity 
oils. This may be due to their ability to counter drainage under high cohesive forces, 
consequently molecules cling onto each other resulting in a better oil retention rate. However in 
some cases, the performance degradation for dense oils are more severe than lighter oils. Beside 
better oil retention, strong cohesion forces may work against the recyclability of an adsorbent. 
Often times this is due to inefficiency in extracting the oil for recovery. This phenomenon may 
be compensated with optimizing pore sizes, which will further compromise on the ability of the 
adsorbent to retain lighter oils. 
Although there are various potential candidates for oil adsorbents, the methods of material 
regeneration must be practical on site where oil-spill-cleanups take place. Mechanical extraction 
of the oil by compression is by far the least costly and simplest method known to date. The 
recycling data demonstrated by synthetic material such as organo-silicon and polymers are the 
most promising comparing to other materials. Carbon-based material such as graphene has some 
of the highest adsorption capacities reported, especially when it expresses low density and high 
surface area on a 3D framework. Although these 3D carbon frameworks have reasonable 
mechanical stability, they lack the strength and durability for repetitive use under harsh 
environments.  
There are high potentials in marrying organo-silicon, polymer materials with carbon-
based materials. This combination enhances recyclability, mechanical strength and durability, 
inertness, intrinsic hydrophobic, low-surface-energy and other modifiable properties. In the 
following chapters, the synthesis of MPTS functionalized reduced graphene oxide coated on 





2.6 GRAPHENE  
2.6.1 Overview 
Graphene is an intriguing, single-atomic-layer, two-dimensional nanomaterial. It is 
comprised of sp2-hybridized carbon atoms arranged in a hexagonal lattice. Since 2004 when 
physicists Andre K. Geim and Konstantin S. Novoselov from the University of Manchester (UK) 
revealed its novelty in a stable form on scotch tape 101, graphene has been highlighted in many 
active research fields. The material has extremely unique properties. Theoretically, it has a 
surface area as high as 2630 m2·g 102, a charged carrier mobility of approximately 200,000 
cm2·V-2·s-1 103, thermal conductivity of 5000 W·m-1·K-1 103, and a Young’s modulus of 1 TPa 104. 
There is a wide range of possibilities to modify and tailor the properties of graphene such as 
morphology control, chemical doping, and functionalization 105. Introduction of different oxygen 
groups onto the planes and edges of the graphene sheets change the polarity of the material, thus 
allow for hydrophilicity tuning. Although pristine graphene is intrinsically hydrophobic, 
graphene oxide (GO) is a hydrophilic derivative dispersible in most polar solvent. Figure 2.2 
illustrates the typical chemical formula of GO. From the dispersible form, graphene oxide can be 
further tailored into different morphological variations such as coatings 100, films 106, aerogels 107, 
hydrogels 108, foams 109, sponges 110, and other 3D frameworks 97 etc. It is important to explore 
and optimize these morphological variations to allow for the development and incorporation of 
graphene applications. The van der Waals attractions between graphene sheets cause them to 
stack upon each other when they are in proximity with each other. This aggregation suppresses 





implementation of morphology control is crucial for the end product to benefit from the 
potentials and properties of graphene.    
 
Figure 2.2 Chemical formula of typical graphene oxide. 
2.6.2 Graphene synthesis 
There are two major approaches to the synthesis of graphene and its derivatives, namely 
top-down approach and the bottom-up approach 111. Bottom-up approach describes the assembly 
and construction of higher ordered structures starting with molecular level precursors, for 
example, Chemical Vapor Deposition 112. Top-down approach describes processes that begin 
with materials such as graphite which naturally contains graphene. Top-down approach 
processes convert these materials into graphene and its derivatives by means of exfoliations or 
decomposition via mechanical, chemical, electrochemical, or other methods 112.     
Bottom-up approach allow for fabrication of graphene with atomic-level precisions and 
an infinite variety of carbon sources as its building blocks. While top-down approach result in 
uncontrollable edge structures and functionalization, resolution limitation and other irregularities 
that are inherited from its natural sources. Top-down approaches allow bulk production of 





For the purpose of this thesis research, the oil adsorbent synthesis does not require a high 
level of defective-free, large area pristine graphene as such required by applications in 
electronics, sensors and printable devices. In this thesis research, graphene was synthesized with 
the top-down approach due to relative scalability and cost effectiveness. 
From the late 1800’s to 1950’s, since Staudenmaier 113, later Hummers and Offeman 114 
further developed upon the synthesis of graphite oxide (GO) that was first reported by Brodie 115. 
Variations of this process has been widely adopted into the synthesis of GO during the past 20 
years. Driven by exponential interest of graphene during the recent years, many researchers have 
further altered the process into various versions of GO synthesis known as Modified Hummers 
Methods.  
This research focused on the Modified Hummers Method reported by Marcano, et al 116 
which was adopted in previous works by Dr. Aiping Yu’s research group at the University of 
Waterloo 117, 118.  
2.7 FLEXIBLE POLYURETHANE FOAM (PU) 
2.7.1 Overview 
Polyurethane foam properties are evaluated according to the oil adsorbent criteria 
mentioned in the previous sections. PU chemistries are very well studied, the current producers 
have excellent control over properties such as pore sizes, pore volumes, uniformity of the pores, 
compression set, etc. PU foams are capable of a wide range of applications including furniture 
and automobile cushioning, packaging, fire retardants, insulations, and many more. With over 12 





largest category of cellular polymeric materials in 2015 118. PU formulations and processing are 
continuously being improved upon, it is one of the most common and versatile researched 
materials in the world. However, there are increasing energy and environmental concerns 
regarding its processing, components and precursors 119. Both industry and academic 
communities continued to research on more environmentally friendly substitutions for these 
processes, components and precursors 120-122. For example, vegetable oil has been reported as a 
potential ingredient to polyols 118. In a study conducted by Russell et al. 123 from Yale 
University, it is discovered that an Ecuadorian species of fungus was involved in the natural 
degradation of polyester PU. Also, there are studies on the use of PU sponge wastes to generate 
secondary products. For example, a synthesis method on nitrogen-doped carbon nanostructures 
for bio-imaging and catalysis has been created using polyurethane sponge as a carbon source 124.  
 In spite of these disadvantages and on-going environmental concerns, the need for 
immediate improvements for pollution cleanup applications is pressing. Considering the positive 
aspects of PU such as commercial availability, low cost, excellent substrate for recyclability, 
durability, versatility and possibilities for modifications, PU is a logical oil adsorbent candidate. 
In addition, there is a possibility of reusing recycled PU foams from packaging wastes as oil 
adsorbents. This is particularly interesting from an environmental sustainability point of view. 
 In this research, an open-cell polyether based PU with relatively uniform pore sizes was 
selected based on the manufacturer’s recommendation (See Figure A.2). This PU sponge was 
made to target hydrophobic applications which require frequent contact with moisture and water. 





consistent substrate with the same porous structure allowed this research to focus on 
understanding the effects of the modification components.   
2.7.2 PU foam properties 
Generally, flexible PU foam product are categorized and distinguished by their properties 
and the application which they are intended for. These properties include the density, indentation 
load deflection (ILD), cell count in the number of pores per inch, permeability, tensile strength, 
elongation, tear strength, compression set, resilience, steam autoclave aging and dry heat aging 
properties, etc.  
There are many varieties of PU foam products available and a wide range of properties. 
There are numerous possibilities of surface-chemistries and modification for oil adsorption 
enhancement 74, 82, 125-128. The initial properties of the PU substrate greatly affect the final 
outcome of any modified product, therefore it is very important to select a PU with desirable 
morphology especially the porous structures, and other properties 129. Ideally, it is beneficial to 
achieve a synergistic effect between the PU properties and the type of modifications that it will 
undergo.   
In order for a PU sponge to effectively adsorb and retain oil within its pores, the sponge 
requires an open cell structure with high interconnectivity for accessibility to the pores. 
Assuming that there is no swelling effect within the PU matrix, the oil flow and the volume 
retained during adsorption are mainly determined by: 1.) the driving force attracting oil into the 
porous structure, 2.) the pore volume, and 3.) the interconnectivity among these pores. Pore 





PU foam. Using the total relative density of the foam, the maximum volumetric adsorption ratio 













     2.9 
Where 𝜈𝑜𝑖𝑙 is the volume occupied by the adsorbed oil, 𝜈𝑃𝑈is the total void volume of the PU 
sponge, 𝜌𝑟is the relative density of the sponge, 𝜌𝑓is the apparent density of the foam and 𝜌𝑠is the 
density of the solid PU before expansion into a foam. The known density of solid polyurethane 69 
is 1.2 g·cm-3. In the literature, Pinto, et al. 130 equated (1-𝜌𝑟) to the volume of the foam “𝑉𝑓”, 
however that should not be the case since (
𝜈𝑜𝑖𝑙
𝜈𝑃𝑈
)𝑚𝑎𝑥 is a dimensionless number. 
With a known maximum volumetric adsorption ratio based on the chosen PU foam, the 




)actual as a percentage of the theoretical maximum value(
𝜈𝑜𝑖𝑙
𝜈𝑃𝑈
)max.   
2.7.3 Acid treatment of polyurethane sponge 
As previously mentioned, morphological modifications of a surface allow tuning of its 
wettability by amplifying the material’s initial wettability tendency. Surface roughness can be 
increased by various methods including decoration of nanoparticles 70, electropolymerization 131, 
spray-casting 132, chemical etching 133, etc. Various groups have studied on ways to control and 
maximize these morphological effects. These studies have demonstrated that besides hierarchical 
textured surface, the overhang structure or re-entrant surface curvature are major contributors to 





regions of locally stable Cassie state, satisfying Young’s equation along the lengths of these 
overhangs or curvatures.  
In this thesis research, HCl etching of the PU foam was explored prior to other substrate 
modifications. The acid etching together with the decoration of MPTS-RGO is believed to create 
a rough surface that has both hierarchical texture and overhang or re-entrant surface curvature 
features.  
Yang et al.9, Guo et al.10 and Ren et al.11 have reported successful etching of the substrate 
using HCl in order to increase surface roughness for wettability enhancement. The groups have 
reported a high number of microscale terraces and pores structures on the material’s surface as a 
result of the HCl etching.     
2.8 3-METHACRYLOXYPROPYL TRIMETHOXYSILANE (MPTS) 
 
Figure 2.3 Chemical formula of 3-methacryloxypropyl trimethoxysilane (MPTS). 
 
All of the currently known oil adsorbent materials require modifications and 
enhancements in order to regenerate and recover its liquid adsorbate. Recyclability of natural or 
mineral adsorbents alone are either impossible or impractical without incorporating a synthetic 
component into the system 10, 35, 66. One of the main challenges faced in maintaining performance 





the substrate material with particles which possess the roughness or surface-energy-enhancing 
properties 66, 89, 90. In combining the desirable adsorbent properties of graphene and polyurethane, 
a cross-linker is needed to improve bonding and to maintain the performance stability 138, 139. 
Organo-silicon is one of the most commonly used, outperforming cross-linkers 93, 94, 109, 125, 139, 
131. Silane coupling agents are unique organo-silicon compounds capable of performance 
improvement and inorganic fillers modifications aid 142. Some of the most used silanes fall into 
the categories of vinylsilane, acryloxy silane, epoxysilane, aminosilane, alkylsilane, isocyanato 
silane, mercapto silane and others 142.  Table 2.2 lists some of the key materials and resin which 
the silane coupling agent is mainly applicable with.  
 





Chemical names Main applicable resin 
and/or other materials 
Vinylsilane Vinyltrichlorosilane, 




Acryloxy  ϒ-methacryloxypropyl-trimethoxysilane UV-cured systems, 





Epoxysilane β-(3,4 epoxycyclohexyl)-ethyltrimethoxysilane, 
ϒ-glycidoxypropyl-trimethoxysilane, 
ϒ-glycidoxypropyl-methylidiethoxysilane 
Epoxy, phenolic and 
melamine, adhesion of 
acrylic latex to glass, 











melamine, furan, nylon, 
polymido, thermosetting 
resins, epoxies, glass 
fiber-reinforced 
thermoplastics 















 MPTS silanes are compatible with water cross-linkable polymers and resins, its chemical 
formula is illustrated in Figure 2.3.. It is mainly suitable to be used with polyesters and 
polyurethanes 142. The methoxy moiety of this silane reacts with various forms of hydroxyl 
groups, bonds with inorganic particles, pigments or fillers, resulting in an improved adhesion 
between these molecules with substrates like polyurethane 138. Therefore, graphene oxide with a 
rich amount of hydroxyl groups (see Figure 2.2.) functionalized on the edges is theoretically 
conducive to a better cross-linking efficiency. In addition, alkyl and aryl silanes such as MPTS 
are specialized in providing hydrophobic properties for applications such as water repellents 138, 
which is aligned with the purposes of this study.   
 There have been reports on carbon materials surface modification by chemically grafting 
of silane coupling agents. Zhao et al. 143 investigated the coupling agent surface treatment of 
carbon microspheres (CMS) to improve dispersion and reactivity in grafting of polymer 





reported an optimum ratio of 0.3 g oxidized CMS to 1 ml of MPTS, with a reaction time of 2 hrs 
at 65℃, and an optimal pH at about 5.60 in 60 mL of ethanol and water (3:1, v/v).  
 There are four steps to the reaction of silanes: hydrolysis, condensation, hydrogen 
bonding, and attachment onto the final substrate. During condensation, the hydrolyzed alkoxy 
groups are condensed to oligomers which have the tendency toward self-condensation, lowering 
the efficiency of bond formation with the substrate. Dilution with fresh solvents such as ethanol 
aids to prevent such self-condensation.  
Savard, et al. 144 reported that in order for the good adsorption of monolayers of ϒ-
methacryloxypropyl-trimethoxysilane (ϒ-MPTS) onto the targeted substrate, amount of time for 
proper silane hydrolysis prior to coming in contact with the substrate is very important.  In 
addition, it was found that the optimal time of hydrolysis is dependent on the pH of the solution. 
A prolonged hydrolysis period of the silane results in a condensation time that is too rapid for 
any possible deposition of silane onto the substrate. It is noted that stable, hydrolyzed silane is 
needed to react efficiently with the targeted substrate material. The report concluded that within 
the range of pH 2.4 to 4.0 and a ϒ-MPTS concentration below 0.042 M, a maximum stability is 
reached for the hydrolyzed ϒ-MPTS in an aqueous solution. On the other hand, an increase in 
pH favors rapid silane condensation and reduces the rate of hydrolysis, while an increase in the 
ϒ-MPTS concentration favors polycondensation.  
The group reported at a concentration of 0.084 M and a pH of 5.5, a hydrolysis time of 
1500 seconds led to a reasonable condensation time allowing for proper deposition of ϒ-MPTS 





CHAPTER 3 - EXPERIMENTAL MATERIALS AND METHODS 
3.1 OVERVIEW  
This chapter describes and explains the experiment methodologies in detail, including the 
source of materials, setup, condition, procedure and sampling of the experiment. The objective of 
the experiment is to investigate the independent variables, and their effects on the oil adsorption 
performances as well as properties and characteristics of the modified adsorbent. The purpose of 
these experiments is to better understand the contributions of chemical modifications and 
morphological architectures of an adsorbent toward its effectiveness and efficiency in oil-water 
separation applications such as oil spill remediation. There are a total of 6 different types of 
adsorbent samples prepared in this research plus a control sample made of only the hydrolysis of 
MPTS onto an HCl treated PU sponge. Figure 3.1 shows a flowchart that illustrates the steps 
taken to prepare each sample. 
Polyether-based PU sponge was modified according to the procedure section of this 
chapter. Independent variables included  
1. PU foams prepared with and without HCl treatment prior to other modifications.  
2. PU adsorbents with rGO were added with and without the cross-linking agent 3 - 
methacryloxypropyl - trimethoxysilane (MPTS).  
3. PU adsorbents were made with and without rGO. 
There were a total of ten dependent variables in this research, five of which were oil 






Oil adsorption performance parameters included adsorption rate, time to saturation, oil 
lost to drainage, oil retention, recycle performance degradation.  
The adsorbent properties and characteristics included surface chemistry, apparent density, 
porosity, surface morphology and wettability. 
Figure 3.1 Flowchart on the synthesis steps for samples A, A1, B, B1, C and C1.  
 
3.2 MATERIALS 
Polyether polyurethane sponge (filter foam, Figure A.2.) was purchased from Foam 
Factory, Inc. Pump oil was purchased from Citgo Petroleum Corporation (Figure A.1.). Graphite 
powder (2-15 μm) was purchased from Alfa Aesar. KMnO4 (ACS Reagent, >99%), NaNO3 





(ACS Reagent, 70%), hydrazine hydrate (Reagent grade, 50-60%), MPTS (>98%), HCl (ACS 
Reagent, 37%), ethanol (ACS Reagent, 200 proof), Sudan blue II (dye content 98%)  and 
ammonia (2.0M in ethanol) were purchased from Sigma-Aldrich and were used as received.  
3.3 SYNTHESIS PROCEDURE 
3.3.1 Synthesis of GO  
GO was obtained via a modified Hummers method chemical oxidation process 
previously reported by Tjandra et al.141 In brief, graphite powder (2 g) was stirred into a mixture 
of H2SO4 and HNO3. The solution temperature was brought near 0°C, NaNO3 and KMnO4 was 
slowly added. The mixture was kept agitated with a magnetic bar while the temperature 
increased and maintained at 35°C ±5° for 2 hours. The mixture was slowly added in small 
portions, into a large beaker of deionized water (200 mL). H2O2 (30 wt%, 10 mL) was added 
which changed the mixture into a golden yellow color upon reacting with the KMnO4. The 
solution was then washed by centrifuge at 4000 rpm three times with HCl (1M) and three times 
with deionized water. Deionized water (1 L) was added to the filtered material and sonicated 
until dispersed. At this point the solution becomes brownish in color and formed into a colloid 
gel. A BaCl2 solution was used for indicating if the SO4
- disappearance. Filtered GO was dried in 
an oven at 70℃ for 24 hours. GO (150 mg) was dispersed in ethanol (60 mL) and DI water (20 





3.3.2 Acid hydrolysis of MPTS 
A mixture of ethanol (60 mL) and DI water (20 mL) was brought to a pH of 5.0 to 5.5 by 
adding CH3COOH (36% in DI water). MPTS (2 mL) was added to the ethanol solution and 
allowed to stir for 25 minutes at room temperature.  
3.3.3 Silanization of GO 
GO ethanol solution is then added into the MPTS solution and sonicated for 15 minutes. 
In an oil bath at 80℃, the solution was then refluxed for 2 hours. The obtained MPTS-GO 
solution was subjected to 30-minutes-wash by centrifuge at 4000 rpm twice with DI water (100 
mL) and three times with ethanol (100 mL). The obtained solution was fully dried at 45℃ and 
redispersed into ethanol (160 mL). 
3.3.4 Preparation of PU sponge and etching 
The as purchased 0.5-inch thick PU sponges were cut into 6 x 8 cm rectangles, sonicated 
in ethanol and DI water for cleaning and dried in an oven at 70℃ for several hours. A few dried 
PU sponges were set aside and labeled as Sample A. The dried PU sponge was then soaked in a 
HCl solution (5%) for 24 hours and dried in an oven at 70℃ for 4 hours. A few HCl-treated PU 
sponges were set aside and labeled as Sample A1.   
3.3.5 Decorating PU sponge with MPTS-GO and MPTS  
The MPTS-GO solution was brought to a pH of 9 by adding ammonia solution. The 
prepared HCl-treated PU sponge was dipped into the MPTS-GO solution for 1 hour and then 





GO solution and refluxed in an oil bath at 95℃ for 1.5 hours. The obtained sponge was washed 
with DI water, vacuum dried at 30℃ for 24 hours and labeled as Sample C1. Separately, Sample 
C was prepared by the same procedure with a sponge without HCl-treatment. Separately, a 
control sample MPTS-HCl-PU was prepared by dip coating the hydrolyzed MPTS solution 
without GO onto a PU sponge treated with HCl.  
3.3.6 Preparation of RGO sponges without silane 
GO (150 mg) was dispersed into ethanol (160 mL) by sonication for 30 minutes. HCl-
treated and non-HCl-treated PU sponges were separately dipped into the GO-ethanol solution for 
1 hour, and sonicated for 30 minutes. Hydrazine hydrate (1 mL, 35%) was added into the 
solution and refluxed in an oil bath at 95℃ for 1.5 hours. The resulted sponges were washed 
with DI water and dried at 30℃ for 24 hours, labeled as Sample B for the non-HCl-treated 
sponges and Sample B1 for the HCl-treated sponges.    
3.4 CALCULATION METHODS 
3.4.1 Density calculations 
Density has units of mass per unit volume. Approximately 2 x 2 x 1 cm thick squares 
were cut from each foam sample, and their masses were recorded for the density calculations 
according to standard test method ASTM D 3574-01. This test standard was applicable for 
flexible polyurethane foams, where a square shaped sample weight was recorded and volume 
was calculated with measurements of the sample dimensions by a ruler. Density was calculated 





3.4.2 Porosity calculations 
Porosity was the total void volume divided by the total apparent sample volume.  The 
total void volume was equal to the difference of the total apparent sample volume and the 




     3.1 
Where 𝑉𝐵𝑢𝑙𝑘was the total apparent sample volume, 𝑉𝑠was the volume occupied by the solid 
material, which is the polyurethane in this case. 𝑉𝑠 was calculated using the weight mass 
recorded for each sample and dividing it by the density of the polymer according to the 
manufacturer’s specifications.  
Pore sizes were measured by scanning electron microscopy (SEM) images using a Zeiss 
Leo 1530 and Ultra Plus FESEM. Where a total of four cross-sections were obtained from 
sponge samples A, A1, B1 and C1 without regard to orientation.  According to the SEM images, 
the chemical and morphological modifications had negligible effects on the original PU sponge 
pore sizes. Therefore, pore size distribution was obtained by averaging across all four cross-
sections. The diameter of each pore was measured from fitting a circle onto the pores on the 
images. Note that the pore size measurement technique was an approximation with inaccuracies, 
the results were not reliable for exact measurements. For exact measurements, porosimetry such 





3.4.3 Maximum volumetric adsorption ratio  
When compared with the experimentally determined volumetric adsorption capacity Qv/v, 
this maximum volumetric adsorption ratio allowed the investigator to obtain the efficiency of the 
adsorbent. Using the total relative density of the foam, the maximum volumetric adsorption ratio 
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Where 𝜈𝑜𝑖𝑙 was the volume occupied by the adsorbed oil, 𝜈𝑃𝑈was the total void volume of the 
PU sponge, 𝜌𝑟was the relative density of the sponge, 𝜌𝑓was the apparent density of the foam and 
𝜌𝑠was the density of the solid PU before expansion into the form of a foam. The known density 
of solid polyurethane 2 used was 1.2 g·cm-3. 







]        3.3 
3.4.4 Theoretical gravimetric flux improvement factor 
Theoretically, surface modification of the PU foam has an effect on the pore sizes and its 
interconnectivity, especially for particle decoration onto the material surface. For example, 
surface decoration with nanoparticles might increase surface roughness and modify the surface 
energy. Possible particle overload or agglomeration might narrow the pore channels and 
diminish effective pore diameters, consequently these could affect the level of interconnectivity. 
The degree to which these effects take place depend on the dosage of such particle additives. 
Further complications might result from particles that were not securely bonded to the foam 





during desorption the mobility of these weakly-bonded or detached particles might cause the 
same pathways to be partially or entirely obstructed. A resistance of flow would be created 
within these channels resulting in poor oil recovery and subsequent adsorption capacities. This 
phenomenon could create an unpredictable interconnectivity problem and might vary from cycle 
to cycle.  
In order to understand the effectiveness and efficiency of the modifications introduced to 
the foam, it was helpful to predict the theoretical improvement anticipated from certain 
modifications in terms of adsorption mass flux. Since it was difficult to determine the attributes 
of each variable, therefore the follow assumptions were made in order to narrow down the 
variables: 
- There was no swelling with either the substrate material or the modification component(s); 
- Good dispersion and stable adhesion of the modification particles on the substrate surface; 
- Modification had negligible effect to the pore sizes and interconnectivity; 
- Hydraulic potential was driven by matric (capillary) potential only; 
- Adsorbed liquid was lost due to drainage is negligible; 
- Hydraulic Conductivity remained the same before and after modification; 
- The liquid properties (i.e. density and viscosity) and concentration remained the same. 
- Liquid contact angle measurements were reliable and accurate. 




       3.4 
Where 𝛾 was the oil surface tension, 𝜃 was the contact angle between the oil and the PU 





Upon modifications of the foam surface, the capillary pressure was changed from ΔP to 
ΔP* with the assumption that there was no change to the radius of the pores. If the surface 
tension of oil remained the same, the only change introduced by the modifications would be θ. 
Hypothetically if a theoretical improvement factor “I” described the change in the capillary drive 







 = 𝐼(𝛥𝑃);    3.5 
∴ 𝐼 =  
𝑐𝑜𝑠𝜃∗
𝑐𝑜𝑠𝜃
;       3.6 
Where 𝜃 and 𝜃∗ were the liquid-solid contact angles before and after modification, 
respectively. As assumed previously, if the liquid properties (density and viscosity), matrix 
properties (pore radius, pore distribution and interconnectivity) and concentration gradient 
(concentration of liquid exposed to the foam surface) remained the same, then the following 
would describe the theoretically improved mass flux of an unsaturated flow according to the 
modified Darcy’s law: 
     𝑗𝑚
∗ = 𝐼(𝑗𝑚);    3.7 





;    3.8 
And    ∆𝑃∗ = 𝜕ℎ∗ = 𝐼(𝜕ℎ);    3.9 
Where, 𝑗𝑚 
∗ was the predicted theoretical mass flux of adsorbate entering the modified 
adsorbent at a given time before equilibrium. 𝑗𝑚 was the initial mass flux before modification 
was made to the adsorbent; and I was the improvement factor. 
 For example, if the PU foam had an oil contact angle of zero before and after 
modification, then I would be equal to 1. In that case, according to the Eq. 3.7 the adsorption 





 The difference between the actual adsorption mass flux and the theoretical value 𝑗𝑚
∗  
quantified efficiencies due to permeability, pore size distribution, interconnectivities, and other 
changes of the porous structure parameters such as pore sizes, pores uniformity, etc.. 
 It must be noted that the limitations and uncertainties of this test include inaccuracies in 
OCA measurements and inaccuracies in the actual mass flux measurements. Only apparent liquid 
contact angles were measured in this research. According to Eqs. 2.7 and 2.8, the apparent OCA 
obtained without considering factors R or f would likely be an overestimate, resulting in an 
overestimated theoretical gravimetric flux improvement factor. As described in section 3.5.1 
Surface Wettability Measurements, known contact angle measurement methods on porous 
surfaces were insufficient to provide accurate, meaningful results. Meanwhile, the improvement 
factor I highly depended on the oil contact angle. Therefore, better control and measurement of 
contact angles would be required to reflect a true correlation between the theoretical and actual 
gravimetric adsorption flux.   
 A total of nine gravimetric flux measurements were made. Three test samples from each 
of A1 and C1 were prepared for the flux measurements. Gravimetric fluxes average across 15-
minutes were recorded in terms of kg/m2·s, defined as the total wet weight STW per area of 
sponge in contact with the oil per second. 
 While other parameters such as effective surface area, time to equilibrium, oil retention 
rate, and volume adsorption efficiency were not reflected in this correlation, it served as a tool 
for the investigator to study the adsorbent flux efficiency and differences in permeability. 





MPTS, minimizing resistances at the pore channels, or customizing pore structures of the foam 
material, etc.  
 While the optimum porous structure varied for different adsorbents and liquids, according 
to the study reported by Pinto et al. 130, pore sizes in the range of 400 to 500 μm was found to 
produce an optimum oil adsorption efficiency and low oil saturation time for motor oil with a 
viscosity of 287.23 mPa·s and a density of 0.8787 g·cm3. It should be noted that a short time to 
saturation is often required for immediate remediation in order to prevent further environmental 
damages. Therefore, selection of a small radius must be balanced with the speed of which 
saturation is required at the site of the oil cleanup, as well as other parameters such as oil 
retention and ease of extraction for recyclability.   
3.5 EXPERIMENT PARAMETERS  
3.5.1 Surface wettability measurements  
 The surface wettability of the samples were determined by measuring the water droplets 
and oil droplets static contact angles (CA), θw and θo respectively. However it was concluded in 
various literatures that static CA on rough and porous surfaces were often meaningless in terms 
of Young’s equation 146 due to the lack of a precise measurement methodology.  
The highly porous surfaces of the sponge samples created false apparent CA because of 
1) longer liquid to solid contact lines due to the protrusion of struts at the cut edges of the sponge 
samples; and 2) large pore openings caused water droplet to pin and sit inside of the void, which 






   In this research, water and oil CA were measured to serve as comparisons between the 
samples. Although the measurements might be inaccurate, the averaged inaccuracies were 
assumed to be consistent throughout all samples due to the similar roughness and porous nature 
of the substrates. The CA results were interpreted alongside with the water uptake study, which 
supported each other in order to quantify the samples’ degree of hydrophobicity and 
oleophilicity. 
The static CA of water and oil were measured under room temperature and atmospheric 
pressure by using an Eppendorf adjustable pipette (0.5 - 10 μL). A total of four dried test samples 
were prepared, one from each of samples A, A1, C and C1. Where 5 μL water and oil droplets 
were introduced at 3 different locations on each sample. Three digital images were captured for 
each liquid droplet introduced. A Nikon D3100 digital camera with a Tamron SP 60mm F/2 
Macro lens was used to capture the CA images. The alignment of the field of view was 
approximated through the digital camera. All seventy-two digital images were analyzed and 
processed by computer software ImageJ with the Contact Angle plug-in 147. The recorded CA are 
averaged for each sample. 
3.5.2 Adsorption capacity study 
The adsorption test was a modified procedure from ASTM F726 - 9.3 Oil adsorption 
short test for type I adsorbents 148. Three approximately  2 x 2 x 1 cm squares were cut from each 
of samples A, A1, B, B1, C and C1. The dimensions and dry weight “S0” of each test sample was 
recorded to 0.01 g accuracy. An amount of 1.5 cm thick pump oil was poured into each of 6 





square from each of the 6 samples was carefully lowered with a tweezer into each beaker. The 
square samples were allowed to float freely without interruption in the test cells for 15 minutes. 
After adsorption, each sample was carefully lifted vertically with a tweezer at its corner, 
immediately transferred onto a tared strainer on top of a beaker. The total weight was recorded as 
“ST” and sample was allowed to drain without disturbance for 30 s ± 2 s. It is then lifted carefully 
from the strainer in order for recording of the weight of oil drained labeled as “SD”. Photographs 
showing the above steps are shown on Figure 3.2.       
 
Figure 3.2 Photographs of the adsorption capacity test procedure in the order from left to right. 
The same procedure was repeated for the remaining twelve test samples, totaling three 
data points for each sample type. The results for each sample type were averaged for 
comparison. Calculations of the gravimetric adsorption capacities 𝑄𝑚/𝑚 were performed with 
the following equation, and the results were reported in terms of grams of oil adsorbed per gram 
of adsorbent weight (g·g-1): 





Where 𝑄𝑚/𝑚was the gravimetric adsorption capacity (g·g
-1), 𝑆𝑇was the total wet weight 
(g) as recorded immediately after it is transferred onto the tared strainer,  𝑆𝐷was the weight (g) of 
oil drained within 30 s after sample transferred onto the tared strainer and 𝑆0was the dry weight 
(g) of the sample. 𝑄𝑚/𝑚 was converted to volumetric adsorption capacity 𝑄𝑣/𝑣(mL·mL
-1) with 
the following equation 138:` 
𝑄𝑣/𝑣 = 𝑄𝑚/𝑚 ⋅
𝜌𝑠
𝜌𝑜
     3.11 
Where 𝜌𝑠was the solid density of the PU before foaming (1.2 g·cm
-3), and 𝜌𝑜was the 
density of pump oil (0.869 g·cm-3 at 60°F, Figure A.1.).  
The volumetric adsorption efficiency (VAE) of each sample was calculated from Eq 3.3. 
Oil drainage was calculated as a percentage of the initial oil adsorption weight calculated 
with the following equation: 
% 𝑜𝑓 𝑜𝑖𝑙 𝑑𝑟𝑎𝑖𝑛𝑎𝑔𝑒 =  𝑆𝐷/(𝑆𝑇 − 𝑆0) ⋅ 100%    3.12 
This parameter was often neglected from other oil adsorption experiments, however it 
quantified the liquid retention efficiency of the adsorbent upon separation from the bulk liquid. 
Oil retention rate was calculated by:  
𝑂𝑅𝑅 =  1 − % 𝑜𝑓 𝑜𝑖𝑙 𝑑𝑟𝑎𝑖𝑛𝑎𝑔𝑒     3.13 
3.5.3 Water uptake study 
The water uptake study was designed in order to supplement the WCA characterization 
of the samples. The purpose of this study was to observe the selectivity and the amount of water 
uptake by a sample under dynamic conditions. The procedure was designed to be similar to the 





this study. The first part of the study involved water uptake in a dynamic condition. The second 
part involved oil adsorption in the presence of water in order to test the selectivity and 
performance under such conditions.     
Approximately one 2 x 2 x 1 cm square was cut from each of the samples A, A1, C and 
C1. The dry weight (g) were recorded as “S0” for each test sample. A centrifuge container (50 
mL) was half filled with DI water (25 mL) and a sample was carefully lowered into the container 
and sealed. The container was then subjected to agitation by a VWR analog vortex mixer at a 
speed of 500 rpm for 2 minutes. The sample was retrieved carefully with a tweezer and 
immediately placed onto a tared strainer on top of a beaker. The total weight was recorded as 
“SWT” and allowed to drain for 30 s. After draining, the sample was removed and the amount of 
drainage was recorded as “SWD”. The gravimetric water uptake was calculated in terms of g·g
-1 
with the following equation:  
𝑄𝑚/𝑚,𝑤 = (𝑆𝑊𝑇 − 𝑆𝑊𝐷 − 𝑆0)/ 𝑆0;    3.14 
 Where 𝑆𝑊𝑇 was the total wet weight immediately after adsorption, 𝑆𝑊𝐷was the weight of 
the water drained and 𝑆0was the dry weight of the sample. Drainage and WRR were calculated 






Figure 3.3 Photographic schematic of the water uptake studies procedure. 
 For the second part of this study, a 500 mL beaker was half filled with DI water. An 
amount of 2 mL Pump oil dyed with Sudan blue II was dropped onto the water surface in the 
beaker. Sample C1 was retrieved from part one of this study and mechanically squeezed for 





observation. Afterwards, the sample was vertically lifted with tweezers. The sample was then 
mechanically squeezed to release the adsorbed liquid into an empty beaker for observation.     
 
Figure 3.4 Photographs of the water uptake study part two procedure. 2 mL of blue dyed pump 
oil on top of water was adsorbed by sample C1 for 15 minutes. 
3.5.4 Recyclability study 
A recyclability study allowed a sample to be tested for its stability under repeated use. 
The performance stability, percent of degradation, and the changes of other parameters 
throughout the adsorption-desorption cycles were observed. 
The adsorption-desorption recycling of sample C1 was tested under this study. An 





adsorption capacity test except the time of adsorption was shortened to 5 minutes per cycle. After 
each 5-minutes adsorption period, the initial wet weight was recorded followed by a 30 seconds 
drainage on the strainer. The amount of drainage was then recorded and the sample was squeezed 
by hand to remove as much oil as possible into a separate container. The weight of the desorbed 
sample “S0x” was recorded for each cycle “x” and the procedure is repeated for a total of 10 
cycles.  
   The first cycle’s Qm/m was calculated using the same method as in the oil adsorption 
capacity study (Eq 3.10). For calculating Qm/m for cycles 2 to 10, the dry weight S0 was 
substituted with S0x using Eq 3.10. Performance degradation was calculated according to ASTM 
F726-10.2.2.2 with the following equation: 





⋅ 100%    3.15 
Potential adsorption capacities Qm/m were calculated by removing SD from Eq 3.10. Volumetric 
adsorption capacities Qv/v, VAE, drainage and ORR for each cycle were calculated using the 
same method as in the adsorption capacity study in section 3.5.2. 
 Separately, a comparison test was performed between the adsorption-desorption cycles of 
sample C1 and the MPTS-HCl-PU control sample. Three squares approximately 2 cm x 2 cm x 1 
cm were cut from the MPTS-HCl-PU control sample. Also, an additional of two squares with 
approximately the same size were cut from sample C1. All dry samples were immediately 
weighted. The same recycling procedure was repeated for a total of six cycles. At the end of each 
cycle, the wet weight after drainage (SWT - SD) was recorded. Adsorption capacities and 





3.5.5 Adsorption kinetics study 
 During the process of an adsorption, the concentration of the adsorbate on the surface 
area of the adsorbent continues to increase until it reaches a dynamic equilibrium with the 
concentration that exist in the bulk solution. An adsorption kinetics study is a test that 
investigates the behavior of the sample from the time it is introduced with an adsorbate to the 
time when it reaches the said dynamic equilibrium. Adsorption kinetics are generally controlled 
by one or more processes such as bulk diffusion, external mass transfer, chemisorption, and/or 
intraparticle diffusion 152. The fitting of the experimental data into various kinetic models help to 
define the rate expressions characteristics and its possible reaction mechanisms. Also the ability 
to model and predict the adsorption kinetics of a material helps to optimize designs operating 
conditions for deployment of the material in applications. 
In this research, sample C1 adsorption kinetics for pump oil was investigated with the 
Lagergren pseudo-first order and pseudo-second order. Respectively, the linear form of the 
equations corresponding to the two models were as follows: 
𝐿𝑜𝑔(𝑄 − 𝑄𝑡)  =  𝐿𝑜𝑔 𝑄 −  
𝐾1𝑡
2.303









        3.17 
Where Qe and Qt were the adsorbate liquid concentrations expressed in mg/L at the time of 
equilibrium and at time t, respectively and k1 (min
-1) and k2 (g·g
-1·min-1) represented the first-
order and second-order rate constants.  
One approximate 2 x 2 x 1 cm square was cut from sample C1 and followed the 





measurements at predetermined intervals of  2, 4, 6, 8, 10, 30, 60, 300, 900, 1800, 2700, 3600, 
5400, and 7200 seconds. The recorded data was analyzed by fitting into Lagergren pseudo-first-
order and second-order kinetic models. 
3.6 CHARACTERIZATION 
 Characterization of the samples and the as-prepared GO were performed using scanning 
electron microscopy (SEM), powder X-ray diffraction (XRD), Raman spectroscopy and Fourier 
transform infrared spectroscopy (FTIR). The SEM images were taken with a Zeiss Leo 1530 and 
Ultra Plus FESEM. A thin layer of gold was sputtered on each sample in order for sufficient 
conductivity to process imaging. XRD was performed with a Bruker AXS D8 diffractometer 
using a Cu radiation source with a wavelength of 0.154 nm. Raman spectroscopy was performed 
with a Bruker SENTERRA with a 532 nm laser source. FTIR was performed with a PerkinElmer 
1720 FT-IR spectrometer measured in the range from 4000 cm-1 to 400 cm-1 with a resolution of 







CHAPTER 4 - RESULTS AND DISCUSSIONS 
4.1 DENSITY, POROSITY AND MAXIMUM VOLUMETRIC ADSORPTION RATIO 
Since the samples have similar pore structures, consistency of these parameters are 
expected. Sample measurements and calculations are listed on Table 4.1. It is noted that except 
for sample A and C, the majority of samples have similar physical characteristics in terms of 
density, porosity and maximum volumetric adsorption ratio. Inconsistencies in samples A and C 
may be caused by their differences in moisture content due to differences in hydrophobicity. 
Another reason for the inconsistencies may be due to the porous nature of the foams. The weight 
of the samples vary depending on the locations of vertices at the cut edges, fray edges caused by 
cutting may exaggerate the true dimensions of the samples. 
Table 4.1 List of sample average densities, average porosities and maximum volumetric 
adsorption ratio. 
Sample 























A 0.0322 97.32% 36.25 
A1 0.0237 98.03% 49.67 
B 0.0239 98.01% 49.29 
B1 0.0241 97.99% 49.29 
C 0.0207 98.27% 56.91 
C1 0.0237 98.03% 49.67 






Figure 4.1 shows the pore size distribution histograms averaged from across all samples. It is 
noted that the distribution is rather narrow between the range of 550 μm to 800 μm. This 
indicates pore sizes are similar throughout the foam, and therefore there is a lack of a micro-, 
meso- to macro-pore transition.   
Figure 4.1 Pore size distribution histogram of all PU sponge samples. 
 
4.2 X-RAY DIFFRACTION  
 XRD was performed to confirm the quality of GO obtained from the synthesis. XRD 
diffraction of the synthesized GO is shown on Figure 4.2. It has been well documented that GO 
displays a XRD diffraction peak at approximately 9 to 10° (001 peak), which corresponds to a 
~0.89 nm interlayer spacing between the single-layer GO sheets 152. Also, it has been 
documented that a diffraction peak at about 26° (002 peak) is observed for graphite 154, 
indicating its ordered crystallinity. The XRD diffraction on Figure 4.2 displays a peak at 9.43° 





successful delamination of the graphite layers and the functionalization of oxygen groups, 
increasing its interlayer spacing to approximately 0.89 nm.   
 
Figure 4.2 XRD pattern obtained for the synthesized GO showing 2θ angles from 4 to 35°. A 001 
peak at 9.43° corresponds to an interlayer spacing of 0.89 nm compared to the interlayer spacing 
of 0.335 nm in graphite 154.  
 
4.3 RAMAN SPECTROSCOPY 
Raman spectroscopy enables the differentiation and comparison between various carbon 
nanostructures. It is well known that all sp2 carbons forms are featured by a G-band at 
approximately 1582 cm-1, attributed to the stretching of C-C bond. Disorder-induced D-band at 
about 1345 cm-1 and 1626 cm-1 indicate the presence of disorder such as defects and functional 
groups, such as oxygen groups on graphene oxide (GO). These defects and functional groups 
disrupt the crystalline sp2 carbon lattice. The ratio between the D-band and G-band intensities (ID 





ID/IG is 1.06 for the prepared GO sample. Also common in all sp
2 carbon forms is the G’-band or 
known as the 2D-band between 2500 to 2800 cm-1, which is a useful indicator for the number of 
layers present in the sample 149.  
The Raman spectra of the synthesized GO from this research is shown in Figure 4.3. The 
G-band observed at 1576.5 cm-1 and a D-band peaked at 1343 cm-1 are in agreement with the 
Raman profile of a typical GO. The broadened G’-band at 2500 to 3300 cm-1 indicates a multi-
layered GO sample that is perhaps caused by stacking during the drying process. However, with 
the XRD characterization corresponding to interlayer spacing of ~0.89 nm, such stacking is 
weakened by the oxygen functional groups and is expected to be easily re-dispersed into single 
to few-layered GO sheets.    
Figure 4.3 Raman spectroscopy of the as-synthesized GO, showing the D-band, G-band and G’-
band. The graph shows a ID/IG ratio of 1.06, attributed to a certain level of disorder of the 












4.4 SCANNING ELECTRON MICROSCOPY 
According to Figures 4.4(a) to (h), the SEM images of the samples show a reticulated 
foam type with completely open cells. Remaining cell membranes are present and visibly 
attached onto the edges of some of the pore openings. Pore diameter is the same as window 
openings in this case, and are labeled on Figure 4.4(a). These pore diameters are mostly within 
the range of 500 to 700 μm and are distributed uniformly across. The narrow pore size 
distribution together with the completely open cell structure create a skeleton matrix, which is 
made of struts and open spaces without actual “pores” or “cells” with an enclosed chamber. The 
porous structure is very well interconnected. 
Figure 4.4(a) and (b) shows a subtle difference in surface texture between samples A and 
A1. The roughened surface in A1 contributed to the increase in water uptake and adsorption 
capacity. Also, the increase in surface area due to roughness has most likely contributed to better 
binding between the MPTS-GO and the PU surface. 
 It is evident from the images that the modifications did not impact the pore diameters 
between samples. Figure 4.4(e) to (f) shows that the simple dip coating method deposited RGO 
onto the struts of the sample. Although there are regions where RGO agglomeration is seen and 
distribution is uneven, the decoration of RGO effectively increased surface area and roughness. 
 Figures 4.4 (g) and (h) shows MPTS-GO adhesion on the PU sponge skeleton. The 
clumps observed in Figure 4.4(h) indicate a relatively high loading of MPTS versus RGO. There 
is potential improvement with better dispersion of the silane solution, possibly by optimizing the 






Figure 4.5 SEM images of samples (a) A and (b) A1. The subtle surface roughness is seen in (b) 
due to HCl etching. 
  
 






4.5 FOURIER TRANSFORM INFRARED SPECTROSCOPY  
The FTIR spectrum of samples A, A1, B1 and C1 are shown in Figure 4.6(a) to (d). 
Samples A and A1 show the absorption bands and peaks that are normally observed in 
polyurethane 73, 118, 141, 158 at 3250 to 3330 cm-1 due to N-H stretching and hydroxyl groups, 1100 
cm-1 due to C-O stretching, 1540 cm-1 associated with C-N-H groups, 1640 to 1730 cm-1 
associated with the urethane groups, and 2870 cm-1 from the C-H stretching. There is no 
observed difference between sample A and A1 spectrums, therefore HCl etching did not affect 
the sample’s molecular structure.  
According to literature 138, 139, 144, MPTS has characteristic bands around 3300 to 3500 
cm-1 assigning to O-H group induced from the hydrolysis process. Other bands and peaks from 
MPTS include 1700 cm-1, 1650 cm-1 and 1110 cm-1 approximately, which are due to the 
stretching of C=O groups, C=C bonds and Si-O-Si groups, respectively. It can be seen that the 
band at 3270 to 3300 cm-1 is weak in sample C1 compared to the others, suggesting that 
reactions between the silane and the available O-H groups occurred during the coupling between 
RGO and the PU sponge. The sharpening of the peak around 1720 cm-1, the changes near 1640 
cm-1 together with the broadening of the band near 1090 cm-1 to 1200 cm-1 suggest the presence 
of MPTS in the sample.  
Graphene oxide typically display signs of its functional groups in the FTIR spectrum 141, 
151. Namely O-H groups above 3400 cm-1,  carboxyl COOH groups forming hydrogen bonds 
appear between 2500 and 3200 cm-1, carbonyl groups C=O around 1720 cm-1, epoxy C-O-C 





C1, the hydroxyl group band around 3300 cm-1 is relatively weak and the carboxyl band is 
absent. This suggests either effective reduction of the GO or reaction of these groups with the 
silane during coupling of the GO. While carbonyl and epoxy groups are usually more difficult to 
remove 151, these bands are relatively weak in samples B1 and C1 compared to the PU samples. 
This suggests removal of the oxygen functional groups during the hydrazine reduction reaction 
of the sponges.     
4.6 SURFACE WETTABILITY 
 
Figure 4.7 Water contact angle images showing 5 μL water droplets on (a) sample A, (b) sample 
A1, (c) sample C, and (d) sample C1. Contact angles were inaccurate due to the highly porous 







Figure 4.8 Digital images of oil contact angles measured by introducing 5 μL pump oil droplets 
onto the sponge samples (a) sample A, (b) sample A1, (c)  sample C, (d) sample C1. 
 
The measured WCA and OCA are listed in Table 4.2. Although the absolute CA values 
are inaccurate due to the nature of the porous structures, some information can be interpreted 
from these results. For example, in combination with the data from the water uptake experiment 
in section 4.9 it can be confirmed that HCl treatment of the PU sponge increased its 
hydrophilicity and lowered its WCA. However, if the true WCA of the original PU sponge is 
higher than 90° which indicates hydrophobicity, an increase of roughness from the HCl 
treatment would further increase the WCA and hydrophobicity instead. It was observed from the 





etching. These cell membranes may have contributed to WCA measurement errors, resulting in 
an overestimation of the initial WCA of all samples.  
There is no significant change in the overall WCA from modifying sample A into C and 
C1. According to this information, the selectivity of oil over water was not improved. However, 
the water uptake experiment results confirmed otherwise. (See section 4.9)   
On the other hand, HCl treatment clearly enhanced the oleophilicity of sample C1 by 
lowering the OCA to 0°. At 0° the oil droplet instantaneously spread across the sample surface. 
As previously discussed, surface roughness acts as an amplifier of the material’s tendency 
toward wettability. The roughness introduced during the HCl etching process enhanced the 
oleophilicity for both samples A1 and C1. This is consistent with the previous understanding on 
the effects of surface roughness on wettability. Sample C1 displayed a dramatic enhancement of 
oleophilicity compared to sample C, other than the amplifying effects from the surface roughness 
itself, this may be attributed to the increased surface area which allowed improved binding sites 
for the MTPS-GO to adhere onto the PU sponge.    
Table 4.2 Static water and pump oil contact angles for samples A, A1, C and C1 at room 
temperature and atmospheric pressure. 
Sample WCA (°) OCA (°) 
A - original PU 123.9 ± 10.3 64.2 ± 2.4 
A1 - acid-treated PU 110.4 ± 5.9 66.9 ± 2.6 
C - MPTS-GO + PU 122.0 ± 2.9 44.2 ± 1.6 
C1 - MPTS-GO + Acid-treated PU 123.5 ± 4.4 0 







4.7 ADSORPTION CAPACITY 
Table 4.3 lists the average 𝑄𝑚/𝑚 and 𝑄𝑣/𝑣 and their standard deviations for all 6 samples 
and Figure 4.9 shows the comparison graph between the sample performances. It can be seen 
that sample C1 outperforms the other samples.  It is also observed that HCl etching not only 
increased the water uptake of sample A1 compared to sample A, the etching also increased the 
𝑄𝑚/𝑚 by 39.4%. The same improvement applied to sample C1, which has an 8.1% increase in 
𝑄𝑚/𝑚 compared to sample C. On the contrary, HCl etching appears to negatively affect sample 
B1 as compared to sample B, which displayed a decrease in the  𝑄𝑚/𝑚 by 4.66%. One possibility 
for this phenomenon may be due to the lack of binding agent between RGO and the PU sponge, 
an increase of water uptake by the sponge after HCl treatment may wash away more of the 
deposited RGO during the washing step after synthesis. Performance of samples A1 and B are 
comparable, indicating that the roughness effect on the PU sponge is comparable with the dip-
coated RGO alone.  
As seen from Table 4.3, samples A, A1 and C have the lowest oil retention rate (ORR) 
due to high oil drainage. This also implies that the 3 samples may potentially be improved if 
these inefficiencies are resolved. C1 is the best-performing sample as well as the most efficient 
in oil retention. Since the porous structures of all samples are similar, the ORR results allow for a 
comparison of the oleophilicity between the samples.  
The volumetric oil adsorption efficiencies indicate the degree to which samples are filled 
with adsorbate. According to the result, a substantial percentage of volume of the samples 
remained empty after adsorption. Sample C1 is relatively more efficient than the others in filling 





Table 4.3 Experimentally determined gravimetric and volumetric adsorption capacities, 








Efficiency Drainage ORR 
      
A 18.41 ± 0.95 25.43 ± 1.3 70.15% ± 3.6% 24.45% ± 1.3% 75.55% ±1.3% 
A1 25.67 ± 0.44 35.45 ± 0.61 71.37% ± 1.2% 23.17% ± 3.5% 76.83% ± 3.5% 
B 25.61 ± 1.7 35.38 ± 2.4 71.78% ± 4.9% 16.82% ± 6.1% 83.18% ± 6.1% 
B1 24.42 ± 1.9 33.73 ± 2.6 68.43% ± 5.2% 14.92% ± 8.8% 85.08% 8.8% 
C 26.47 ± 0.31  36.56 ± 0.42 64.24% ± 0.74% 33.52% ± 3.4% 66.48% ±3.4% 




Figure 4.9 Bar chart comparison of average gravimetric adsorption capacities of pump oil for 








4.8 THEORETICAL GRAVIMETRIC FLUX IMPROVEMENT FACTOR 
According to Figure 4.10, the 15-minutes average mass flux of samples A1 and C1 were 
compared with their respective theoretical average mass flux. . The gravimetric flux 
improvement factors were calculated with Eqs. 3.6 using the measured OCA from section 4.6. 
The average OCA for sample A1 was 66.9° with a standard deviation of 2.6°. The three 
improvement factors resulted were 2.31, 2.55 and 2.86, calculated using OCA of 64.3°, 66.9° 
and 69.5° respectively. Three theoretical flux values were calculated with Eq. 3.7 using these 
improvement factors, respectively 0.0227, 0.0213 and 0.0205 kg/m2·s with an average of 0.0215 
kg/m2·s (see Figure 4.10)..  Three different C1 samples were measured with an average mass 
flux of 0.00913 kg/m2·s and a standard deviation of 6.62 x 10-4. As a control, three different A1 
samples were measured and recorded an average mass flux of 0.00837 kg/m2·s with a standard 
deviation of 4.35 x 10-4. The actual average mass flux measured for sample C1 was 
approximately 42% of the theoretical value, indicating a significant potential for improvements if 
the permeability properties of the material are optimized. 
As mentioned earlier, a theoretical value based on the improvement fact is highly 
dependent on the accuracy of the OCA. Therefore, apparent contact angles used in this case do 
not take into account the surface roughness or air trapped between the solid and liquid. A reliable 
CA measurement method capable accurate measurements on rough surfaces is needed in order to 






Figure 4.10 Comparison between the 15-minutes average mass flux of samples A1, the predicted 
and actual average mass flux of sample C1 using the theoretical gravimetric flux improvement 
factor (average I = 2.57). 
4.9 WATER UPTAKE STUDY 
As the results indicate in Table 4.4, samples A1 followed by A had the highest water 
uptake compared to C and C1. Besides high water adsorption capabilities, it is noted that the 
drainage of water is almost negligible for samples A and A1. Meanwhile the low water uptake of 
C and C1 are mainly due to high drainage of the liquid. Since all four samples have similar 
porous structure as observed in the SEM characterizations (section 4.4), WRR results allow for 
the comparison of hydrophilicity and hydrophobicity differences between the samples.  
As shown in Figure 3.4, the second part of the water uptake study demonstrates the 
oleophilic properties of sample C1 and its selectivity of oil over water.  
The water surface appeared to be clear at around 7 minutes after placing adsorbent onto 
the solution. A thin ring of blue oil adhered to the side of the glass beaker and was separated 





of oil was leaked and returned into the water when it was handled. No major drainage occurred, 
this was likely due to the adsorption did not reach its capacity. The sample had very good 
buoyancy, which allowed the sample to remain floating throughout the test. The entire sample 
was above the water line initially and about two thirds of its body lowered below the water line 
after 15 minutes.  
Only one test per sample was performed in the first part of this study, and only one 
sample C1 was tested in the second part on selectivity. The results obtained in this study served 
as an indicator complementary to the liquid contact angles study. However, due to the limited 
sample size, it may not be reliable or representative of the overall adsorbent properties. It is 
recommended that for future research, this experiment should be repeated with a higher sample 
number for better confirmation of the results.     
Table 4.4 Water adsorption capacity (g·g-1), drainage and water retention rate (WRR) 
results from the water uptake study. 
Sample 
 
Qm/m, w (g/g) Drainage WRR 
A 19.00 <1% 99.00% 
A1 30.80 <1% 99.00% 
C 4.33 27.78% 72.22% 
C1 2.50 28.57% 71.43% 
 
 
4.10 RECYCLABILITY STUDY 
The recyclability study results are shown in Figure 4.11 and the recyclability calculations 





of 20% or more on the overall adsorption capacity of the adsorbent. Performance degradation is 
minimal, which demonstrates stable recyclability. Adsorption capacity after 10 cycles stays 
above 99% of the initial adsorption capacity.   
It should be noted that performance degradations above 100% were fluctuations caused 
by human and measurement errors. These errors most likely resulted from inaccuracies during 
mechanical squeezing of the sponges, and inability to capture all of the drained oil.  An 
interesting observation was noted from the oil drainage measurements, which increased 
throughout the cycles. Although drainage increased, there was no noticeable change to the 
overall adsorption capacity. Most interestingly, potential adsorption capacity Qm/m, potential was the 
only factor that changed to compensate for this increase of inefficiency throughout the cycles.  
The increase in Qm/m, potential suggested that the adsorbent had improved after repeated 
adsorption-desorption. This was consistent with Darcy’s law on capillary diffusivity, which 
stated that as moisture content increased in a porous media, capillary diffusivity increased as 
well. Also, it was possible that sample C1 was initially impeded by an excess amount of MPTS 
according to Figure 4.4. The SEM images revealed agglomerates of the silane agent, these 
agglomerates covered most of the RGO which made them inaccessible. Excess amount of MPTS 
could result from various factors, such as an imperfect MPTS, GO and ethanol solution ratio, 
self-polymerization of MPTS, improper timing or temperature of the silane coupling process, or 
insufficient washing. The liquid flow from repeated adsorption-desorption possibly helped to 
remove excess MPTS, exposing the RGO sheets underneath. However, the existing porous 





Additionally, recyclability was compared between sample C1 and the MPTS-HCl-PU 
control. Figure 4.12 compared their average adsorption capacities for six adsorption-desorption 
cycles.  Results from the first to sixth cycle of the previous sample C1 recyclability test were 
combined and averaged with the results of this test. MPTS-HCl-PU had an average adsorption 
capacity of 27.98 g·g-1 with a standard deviation of 1.75 and performance degradation of 97.04% 
after the sixth cycle. C1 had an average adsorption capacity of 29.75 g·g-1 with a standard 
deviation of 3.51 and performance degradation of 99.33% after the sixth cycle. The MPTS-HCl-
PU demonstrated an 8% adsorption improvement compared to the original HCl treated PU 
sponge (see Table 4.3). The functionalization of rGO on MPTS-HCl-PU increased the adsorption 
capacity by an additional 6%.  
Table 4.5 Recyclability performance data. Potential and actual gravimetric adsorption capacities, 
actual volumetric adsorption capacities, volumetric oil adsorption efficiencies, oil drainage, oil 

















1 31.33 28.50 39.36728712 77.69% 9.04% 90.96% - 
2 32.67 29.00 40.05794128 79.05% 11.22% 88.78% 101.75% 
3 31.33 28.33 39.13706907 77.23% 9.57% 90.43% 99.42% 
4 35.33 29.00 40.05794128 79.05% 17.92% 82.08% 101.75% 
5 34.00 28.83 39.82772323 78.60% 15.20% 84.80% 101.17% 
6 34.33 28.17 38.90685101 76.78% 17.96% 82.04% 98.83% 
7 35.00 29.50 40.74859544 80.41% 15.71% 84.29% 103.51% 
8 34.17 29.00 40.05794128 79.05% 15.12% 84.88% 101.75% 
9 35.50 27.83 38.44641491 75.87% 21.60% 78.40% 97.66% 
10 35.00 28.33 39.13706907 77.23% 19.05% 80.95% 99.42% 






Figure 4.11 Potential and actual adsorption capacities of pump oil measured over 10 adsorption-
desorption cycles for sample C1. 
 
 
Figure 4.12 Adsorption capacity comparison for six adsorption-desorption cycles between 





4.11 ADSORPTION KINETICS STUDY 
 The kinetics data is shown in Figure 4.13. The graph illustrated the relationship between 
the oil adsorption capacities versus time. During the kinetics study, it was observed that the 
adsorbent rapidly increased in its adsorption capacity within the first 5 seconds.  
Figure 4.13 Adsorption kinetics of sample C1, the relationship between adsorption 
capacity and time from t = 0 to 120 minutes. 
 
The adsorption capacity tapered until it came to an equilibrium at t = 90 minutes. The rate 
constants solved from Eq 3.16 and 3.17 are listed in Table 4.6. The Lagergren pseudo-second 
order models yielded a better fitting with the equilibrium data from the experiment (See Figures 
4.14 and 4.15). Therefore suggesting that the rate limiting step may be associated with 
chemisorption which involve valence forces between the adsorbent and adsorbate in terms of 







Table 4.6 Fitted Lagergren pseudo first and second order rate constant and R2 for sample C1 
pump oil adsorption. 
Pseudo-first order kinetic Pseudo-second order kinetic 
k1 (min-1) R2 k2 (g·g-1·min-1) R2 
0.062 96.90% 0.065 99.70% 
 Figure 4.14 Lagergren pseudo-first order model fitting with kinetic data from sample C1. 





CHAPTER 5 - SUMMARY AND CONCLUSION 
5.1 SUMMARY 
 A novel oleophilic polyurethane (PU) sponge adsorbent, functionalized with reduced 
graphene oxide (RGO) and crosslinked with 3-methacryloxypropyl trimethoxysilane (MPTS), 
was successfully synthesized. Raman and XRD characterizations provided evidence that graphite 
was completely converted to GO. SEM confirmed the modification of morphology with surface 
roughness increase. FTIR confirmed successful silanization and reduction of the graphene oxide 
(GO) on the final PU sponge.  
 As explained previously in section 3.5.1, liquid contact angle measurements on porous 
surfaces were challenging. Although inaccurate, apparent contact angles were obtained in this 
thesis research mainly for comparison purposes. There was no obvious change of the WCA 
between the samples, which was likely an interference with measurements due to the 
disappearance of PU cell membranes after modifications. However there was substantial 
improvements in the OCA from 64.2° in sample A to 0° in C1, which displayed a 
superoleophilic spreading. Despite inaccuracies, together with the water uptake studies, it was 
evident that: 1) HCl caused the neat PU sponge to become more hydrophilic, 2) HCl improved 
hydrophobicity of MPTS-GO modified PU and contributed to its superoleophilic properties.   
 The novel adsorbent had an average recorded gravimetric adsorption capacity of 28.61 
g/g as compared to 18.41 g/g from the original PU sponge without modification. The increase in 
oil uptake was an improvement of over 50%. HCl etching, rGO and MPTS all demonstrated 





demonstrated the stability of repetitive adsorption-desorption cycling of the novel adsorbent. 
Performance maintained at about 99.42% from the initial adsorption capacity.  
Adsorption kinetics modeling yielded a best fit with the Lagergren pseudo-second order 
model with a k2 value of 0.065 with a coefficient of determination R
2 at 99.7%.  
5.2 CONCLUSION 
In general, experiments results on high surface area and low density adsorbent materials 
are highly sensitive to fluctuations of the sample’s physical measurements, such as its apparent 
density. In these cases, larger sample dimensions and larger sample size from each sample type 
are necessary in order to offset some of these uncertainties and inaccuracies.    
Several experimental parameters were implemented to analyze the adsorbent efficiency. 
These included 1) volumetric oil adsorption efficiency, which was a measurement of the amount 
of voids occupied by oil after adsorption as a percentage of a theoretical maximum amount of 
voids available in the adsorbent. 2) oil Retention Rate, which was a measurement of the amount 
of oil actually retained in the sponge as a percentage of the total amount of oil adsorbed before 
leakage or drainage occurred and 3) comparison of the gravimetric flux with a theoretically 
predicted value. The predicted value was calculated based on the changes in OCA. Uncertainties 
in the contact angle measurements resulted in unreliable theoretical gravimetric improvement 
factor values, consequently an overestimate of the theoretical flux was documented in this thesis 
research. A more reliable method for contact angle measurement would be required in order to 





It was observed that the liquid contact angles changed gradually over time. For future 
research on related subject, it is recommended that dynamic water and oil contact angles to be 
obtained with the change of time. In addition, surface energies comparison between the samples 
and the liquid surface tensions would allow a better understanding of the surface energy and 
wettability changes introduced by the sample modifications.  
During contact angle measurements, a large percentage of the liquid droplets sagged into 
the surface pores within the first three to five minutes. It is recommended that future research to 
be performed on the effects of contact angle measurement using droplets larger than 3 mm in 
diameter.    
Results from the efficiency parameters demonstrated substantial potential for further 
improvement in the samples. The results indicated reduction of drainage or leakage of the 
adsorbed oil may greatly improve the final adsorption capacities.  
 During actual field application of oil-water separation, adsorbents are often bulky and 
difficult to handle especially after it is oil saturated. The amount of these secondary wastes 
generated cannot be overlooked. Leakages risk the spread of contaminants and loss of efficiency, 
consequently negating the initial benefits that it should bring. Therefore, the experimental 
parameters reported in this thesis should be carefully considered during the process of adsorbent 
modification and selection.   
 Adsorption isotherm studies were not performed as part of this thesis, however it is 
suggested that isotherm studies to be carried out in conjunction with investigations of various 





liquid surface had a significant effect on the adsorption behavior. Therefore, it is of interest to 
investigate various shapes which introduce the adsorbent onto the liquid surface at various 
angles. Varying geometries may control the angle at which the direction of the liquid enters the 
adsorbent surface. Since diffusivity changes with the change in moisture content, using 
geometries to allow for multiple entry angles may create a differential of diffusivities within the 
adsorbent at a given point in time. Comparisons between varying dosages of the adsorbent by 
keeping the same geometries to scale versus varying dosages by changing the geometries may 








CHAPTER 6 - FURTHER STUDIES 
Optimal design and engineering of an adsorbent material is highly dependent on the 
adsorbate properties. The structural designs of an adsorbent are often as important as the 
modification of material by itself. The product’s success and realistic performance depends on 
the synergistic effect among all facets in the material’s engineering.  
 As discussed earlier in section 2.4.2 on porosity and pore size distributions, strong 
cohesive forces in viscous liquids resist adsorption at the bulk liquid phase. This results in 
clogging near the surface of an adsorbent, causing poor adsorption at the interior surface areas of 
the adsorbent mass. Due to this phenomenon, the thickness of an adsorbent should be designed 
accordingly to minimize the distance required for an adsorbate to travel through the porous 
media.  
 While these cohesive forces work against the capillary pressure during adsorption, the 
same forces are desirable and needed for oil retention. When a saturated adsorbent is removed 
from the liquid surface and transferred to a location for oil recovery, a majority of the adsorbed 
liquid is held in place due to cohesive forces and the result is oil retention.  
 Oil retention and the prevention of drainage is significant and yet it is not well studied. 
According to the experimental data from this thesis research, drainage can account for up to 30% 
of the initially adsorbed liquid. Whereas it is common for adsorption researches to focus on the 
net adsorption capacities without reporting the amount of drainage.  
 Often times, the only mitigation to decrease oil lost due to drainage, is by decreasing pore 





trial and error from experiments and tests. Furthermore, this decrease of pore sizes most likely 
decreases the ratio of total pore volume to adsorbent volume due to the extra number of pore 
walls partitioning these pores. This not only compromises the maximum adsorption capacity by 
reducing the total volume available for adsorbate occupancy, reducing pore sizes result in a high 
number of pore cells in a given volume, therefore interconnectivity must be increased in order to 
maintain a high level of accessibility throughout the adsorbent. In order to address this oil 
retention inefficiency, further study is needed to focus on the hydrodynamic forces that govern 
drainage.  
 The drainage of liquid from porous media is well studied in the area of ground water 
hydraulics 153 where water occupies and recedes from pores in response to hydraulic pressure 
differences. Drainage occurs when the water pressure in the pores become less than the air 
pressure outside of the pores.  
 
Figure 6.1 Illustration of an oil-saturated pore opening with an oil-solid-air interface, with radius 






As illustrated in Figure 6.1, Interfacial tension prevents displacement of the oil from the pore. In 
the case of water drainage 153, the force balances are described by the following equation: 
 2𝜋𝑟𝛾 =  𝜋𝑟2∆𝑝     6.1 
Solving for r yields:    𝑟 =
2𝛾
∆𝑝
      6.2 
Where r is the radius of the pore opening, 𝛾 is the surface tension of the liquid, and ∆p is the 
capillary which is the pressure difference across the interface. When ∆p increases, r must 
decrease in order to balance the capillary force, otherwise drainage occurs because the surface 
tension with the existing radius can no longer support the force imbalance.  
 Similarly, in the case of an adsorbent pore saturated with oil, capillary force in this case is 
countered by gravity. When adsorption reaches equilibrium while the adsorbent sits on top of the 
bulk liquid, all forces are in balance. However when the adsorbent is lifted up and away from the 
liquid, the imbalance of forces result in a net positive pressure that is only sustainable up to a 
certain radius r. As in the water drainage example, the smaller the radius, the better it can 
maintain the force balance necessary to prevent drainage.  
 However, this radius r describes the pore opening radius and must not be confused with 
the radius of the pore chamber. Coincidentally, whenever a smaller pore size adsorbent material 
is selected, the pore opening is often smaller and therefore seemingly fulfills the requirement to 
decrease drainage. While a decrease in the pore diameter allow better oil retention due to a 
tighter network of cohesion forces among the oil molecules, it hinders the potential of the 





maximizing its oil adsorption capacities. Therefore, a better alternative is to study the effects of 
an optimal pore diameter to pore opening ratio.  
 Although a high pore chamber diameter to opening diameter ratio may suggest oil 
retention improvement without compromising the potential oil adsorption capacity of a material, 
a smaller opening will be relatively more restrictive for the adsorption flux flowing into the pore. 
This will undesirably increase the time to saturation as well as restricting the adsorption of 
viscous liquids due to possible plugging. As discussed earlier in Chapter 3, high 
interconnectivity, in which each pore is connected with all surrounding pores 130, is necessary for 
reaching maximum oil adsorption capacity. In this case, an ideal porous structure is one with 
high pore chamber diameter to opening diameter ratio, very high interconnectivity with a large 
number of pore openings, and high porosity.  As reported by Bernardini et al. 154, a synthesis of 
lignin based flexible PU foam using water as a blowing agent, was optimize with substitution of 
up to 12% of common petroleum derived polyol. Their resulted open-cell PU foam shows good 
porosity, high interconnectivity as well as a good pore chamber diameter to opening diameter 
ratio as shown in their SEM images. 
Figure 6.2 Reprinted from Polymer International, Vol 64, Jacopo Bernardini, Irene Anguillesi, 
Maria‐Beatrice Coltelli, Patrizia Cinelli, Andrea Lazzeri, “Optimizing the lignin based synthesis 
of flexible polyurethane foams employing reactive liquefying agents”, Page 1243, Copyright 





This is an excellent example of the possibility to architect and fine tune according to the required 
porous structure. Aviv et al. 155 demonstrated another example of a PU foam with a high pore 
chamber diameter to opening diameter ratio.  
 
Figure 6.3 Reprinted from Journal of Controlled Release, Vol 172 issue 3, Oren Aviv, Natalia 
Laout, Stanislav Ratner, Oshrat Harik, Konda Reddy Kunduru, Abraham J. Domb, “Controlled 
iodine release from polyurethane sponges for water decontamination”, Page 637, Copyright 
(2013), with permission from Elsevier. 
The SEM images of their sample showcased a desirable structure for liquid retention. The group 
demonstrated the effectiveness of their adsorbent with an application that required slow release 
of the adsorbate in an aqueous environment. In contrast, an example of a PU foam with low 
interconnectivity and a pore diameter to pore opening ratio of 1 or less is shown in Figure 6.4. 
 
Figure 6.4 (Reprinted from New Journal of Chemistry, Vol 38 issue 8, Xiaolin Li, Zheng Fang, 
Xin Li, Shigui Tang, Kai Zhang, Kai Guo, “Synthesis and application of a novel bio-based polyol 
for preparation of polyurethane foams”, Page 3877, Copyright (2014), with permission from 





 Theoretically a high interconnectivity shortens the time to saturation due to a high 
network of accessible entry points, however this type of structure remains inefficient for highly 
viscous and heavy oils. 
 The study of fluid dynamic as a function of pore opening sizes rather than simply pore 
diameters have been documented in literatures. Mills156 suggested in a wet Kelvin foam model 
using Computational Fluid Dynamics (CFD) that the air flow-permeability is a function of the 
area of the largest hole in a pore.       
 With a vast range of oily pollution properties, it is difficult to remain effective for a 
single type of adsorbent to target a wide spectrum of adsorbates. On the other hand, a more 
targeted adsorbent with optimized oil recovery and recyclability is capable to be highly effective 
and efficient. This will greatly benefit downstream applications in oil-water separation. 
Therefore, future investigations on the architecture of an ultrafast-adsorbing, leakage-proof, and 
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Figure A.2 Polyurethane sponge specifications by the manufacturer Foam Factory, Inc. 
 
